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INTRODUCTION 
It has been recognized for more than a century that after fertilizer 
P has been added to a soil only a relatively small fraction of the added P 
can usually be recovered in crops grown on that soil. Agronomists have 
been fully aware of this problem since it is involved in the efficiency of 
fertilizer use, and hence, the economy of crop production. Many studies 
have been conducted and different approaches have been used in attempts to 
understand the process or processes involved, and to use the knowledge ob» 
tained in predicting optimum rates, times and methods of fertilizer P ap" 
plications. 
In predicting the relative effectiveness of fertilizer P applications 
as a means of increasing crop yields, it is necessary to consider the rela^ 
tive availability of both the soil P and the added fertilizer P. Chemical 
soil tests have been widely used to measure the relative availability of 
soil P to plants. Studies by Ozus (1964) and Isobe (1966) indicate that 
the Bray no. 1 P test provides an excellent index of the availability of 
soil P in Iowa soils. However there was relatively little information con­
cerning the relative availability of added fertilizer P in different Iowa 
soils. The information which was available indicated that the availability 
of added fertilizer P may be different in different soils. Therefore, this 
study was conducted to determine the relative availability of added P in 
different Iowa soils as measured by a chemical test and by crop response 
to P applications in the greenhouse. Emphasis was placed on the relation­
ship between the chemical P soil test results and P uptake by ryegrass 
plants in the greenhouse. 
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REVIEW OF LITERATURE 
Many methods have been proposed and used in attempts to determine a 
suitable index for P availability in soils. These methods have been con­
veniently grouped into chemical and biological methods (Nelson et al., 
1953). The chemical methods usually involve extraction of the soil with 
an extractant that hopefully will dissolve mainly that fraction of the 
soil P which would be utilised by the crop. The biological methods, how­
ever, make use of plants or microorganisms as the means of extracting P 
from the soil. The amount of P extracted is measured either by the amount 
of growth made under controlled conditions or by an analysis of the biologi­
cal material. Vandecaveye (1948) has presented an extensive and excellent 
review of these biological methods, while Brind (1950) reported informa­
tion concerning various chemical extractants that have been used around 
the world. Most of these chemical methods are empirical and evaluations of 
a method are made by correlation studies with crop response to P when grown 
on the same soils. 
There will be no thorough review on the development of the various 
chemical methods, except for Bray's method. More emphasis will be placed 
on those methods, laboratory or greenhouse, that deal with the determina­
tion of the availability of added P. Since the availability of added P in 
a given soil is related to its P fixing capacity, this subject and some of 
the factors that influence phosphate fixation will be reviewed. 
Bray (193 7) emphasized that the choice of a solvent as an extracting 
agent should be based on its capacity to measure the significant form of 
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so LI P that is of greatest importance to the growth of plants. In sub­
sequent studies, Dickman and Bray (1941) found that 0.1 N ammonium fluoride 
was effective in removing an "adsorbed" form of P from the surface of 
kaolinite. They tested this ammonium fluroide solvent as compared to 
Truog.'s extractant (193 0) and other soil tests and related the results of 
these tests to actual crop responses obtained from P applications in field 
experiments. They found that the ammonium fluoride extractant was selective 
in dissolving soil P, i.e. the easily soluble and adsorbed forms, while 
Truog's extractant (0.02 N H2S0^) was not specific in its action. 
In 1945, Bray and Kurtz developed extractants that are known as Bray 
no. 1 and Bray no. 2 solutions. These are O.O3 N M^F in 0,025 N HGl and 
0,03 N NH^F in 0.1 N HGl, respectively. The Bray no. 1 solution was sup­
posed to extract that "adsorbed" form, whereas the Bray no, 2 was designed 
to extract the "adsorbed" as well as the "acid soluble" forms of P. These 
extractants become widely known and have been tested extensively by many 
research workers. NH^F salt was considered to have desirable properties as 
an extractant for P, due to its ability to complex aluminum and iron in acid 
conditions such that the phosphate which was held by these trivalent ions 
was released into the suspension (Turner and Rice, 1952), By using an ex­
cess MH^F the flouroaluminate complex was precipitated (Swenson et al. 
1949), Cooks(1951) also found that ammonium fluoride can reduce phosphate 
fixation by hydrous oxides in acid suspensions. Besides those desirable 
properties, ammonium fluoride also shows a disadvantageous property, namely 
interfering with the reading of the intensity of the molybdate blue color in 
the extract. This disadvantage, however, can be eliminated by adding boric 
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acid to the ammonium molybdate reagent before readings are made, Laverty 
(1963) introduced a slight modification of the original Bray and Kurtz 
(1945) method to obtain a more stable color development in the extract as 
regards to temperature and time after the addition of l-amino-2-naphthol-
4-sulfonic acid as a reducing agent. 
It has been recognized that, in general, acid extractants were more 
effective in acid soils than in alkaline or calcareous soils. This was 
probably due to the refixation of phosphate by bases that took place in 
alkaline or calcareous soils after treatment by acids (Cooke,1951; Olsen 
et al., 1954). Similar results might occur in acid soils in which fixation 
is caused by hydrous oxide. Ghani (1943) found that S^hydroxy quinoline 
was effective in reducing phosphate fixation by aluminum and iron hydrous 
oxides. He proposed acetic acid-8-hydroxy quinoline as an extractant to be 
used for acid soils which contain high quantities of active sesquioxides. 
Many factors have to be taken into consideration when comparisons are 
being made among various soil tests. Differences in procedure such as shak­
ing time, ratio of soil to solution, etc., lead to different results. For 
examples the ratio of soil to solution can affect the degree of correlation 
between P soil test values and crop response as has been reported by Smith 
^ (1957) and by Blanchar and Caldwell (1964). Smith et a]^. (1957) 
conducted a greenhouse experiment to study the effect of the rate of mono-
calcium phosphate on the yield response of wheat in some non-calcareous 
and calcareous soils of Kansas. Among six extractants used, the Bray no, 1 
extractant and the 0.5 M NaHGOg extractant of Olsen (1954) were included. 
In the case of Bray no, 1 with a 1 to 7 soil to solution ratio, they found 
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that the P soil test results obtained with this extractant were poorly cor­
related with percentage yields for calcareous soils. By increasing the 
soil to solution ratio to 1:50, however, the correlation between the soil 
test results and crop response was improved. The GaGO^ content in the soil 
samples ranged from 0.43 to 7.50 per cent. This high content of CaGO^ in 
calcareous soils was considered as one of the reasons which caused a poor 
correlation between the P soil tests and yield percentages when narrower 
ratios of soil to solution were employed. Blanchar and Galdwell (1964) re­
ported similar results on the performance of Bray no. 1 on calcareous soils 
in Minnesota. They compared 5 methods of extraction, including Bray no. 1 
and found that with calcareous soils all the 5 methods except the Bray no. 
1 with 1 to 10 soil to solution ratio, were significantly correlated with 
P uptake by oats. By increasing the ratio of soil to solution from 1:10 
to 1:50, the coefficient of determination, r^, increased from 0.23 to 0.89, 
which was highly significant. 
Plant response to added P has also been used to evaluate the availabili­
ty or the effectiveness of applied P and as a measure of the relative 
capacity of a soil to fix phosphate. Scarseth (1932) conducted a green­
house experiment to determine the effect of time of application on the ef­
fectiveness of applied P fertilizer. Soybean plants were used as a test 
crop, and grown 48 days on the test soils before being harvested. Different 
rates of superphosphate were mixed with the test soils at 180, 90, and 30 
days before planting and at the time of planting. He found that addition 
of 1000 pounds of superphosphate per acre at 180 days before planting pro­
duced the same response as an application of 250 pounds per acre at the time 
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of planting, Thorne (1941) determined the relative fixing capacities of 
5 different Iowa soils by chemical tests and related the results with crop 
responses to applied P in the greenhouse. Surface and subsoil samples of 
Tama, Fayette, Garrington, Webster and Marshall silt loam were included in 
his study. In the greenhouse, superphosphate at the rate of 400 lbs per 
acre or equivalent to 17.5 ppm P was mixed with the soil at the 3 months 
before cropping and at the time of planting of tomato plants which were 
grown for 3 weeks before being harvested. KGl and were also mixed 
with the test soil. In the laboratory P was extracted with 0.02 N H2S0/j. 
using a 1:200 soil to solution ratio. He found that a greater amount of 
fixation was obtained by the chemical method than by the crop response 
method. The soil tests as measured by 0.02 N H2S0^ method were poorly cor­
related with the response of tomato plants to the applied P. 
Harris and Warren (1962) developed a rapid method in determining P 
fixation capacity of soils. Evaluations were made on the basis of plant 
response to additions of different rates of P using tomato plants as the 
test crop, P was also determined in a water extract. From the greenhouse 
study they obtained percentage yields of the tomato plants. These per­
centage yields were highly correlated with the water extractable P. Based 
on this result, they believed that the increase in water-soluble P due to 
applied P could be used as an indicator of the fixing capacity of a soil, 
since they would be inversely related. The increase in water-soluble P due 
to an addition of 100 pounds per acre was chosen as standard to measure the 
relative capacity to fix P. The method of determining phosphate fixation 
under laboratory conditions was to measure the difference between the known 
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concentration of P solution at the time when it was added to the soil sam­
ple and the concentration of the filtrate obtained. Percentage fixation was 
then calculated. The shaking time, soil to solution ratio and the initial 
P concentration to be added were the variables that had to be evaluated. 
It appeared that a 1:20 soil to solution ratio with a 20 ppm P initial P 
solution and a 2 hour shaking time gave the strongest inverse correlation 
with the soil test increase values. This method appeared to be useful only 
for the soils that had been fertilized previously. For the soils that had 
received no previous P application a low value of water extractable P was 
not necessarily associated with a low fixing capacity. 
Availability of added P as measured by crop response and chemical test 
was also reported by Moore et a]^. (1957). They determined the recovery of 
added P by oats plants from 5 Wisconsin soils. Eleven croppings were ob­
tained during a 24 month cropping period. Different rates of monocalcium 
phosphate was added and mixed with the soil one month before seedings. Lime, 
N, K, S were added and mixed with the test soil. Readily available P was 
determined by Truog's (1930) method. They found that the percentage re-
covery of applied P by the oats plants from the different soils ranged from 
51 to 72 per cent. The amount of P recovered was calculated from the dif­
ference between P uptake where P was added at the rate of 66 ppm P and the 
check. The percentage recovery of added P was slightly decreased as the 
rate of added P was increased from 0 to 589 ppm P. 
The term phosphate fixation usually refers to the decrease in solu­
bility of a water soluble phosphate when it is added to soil. Wild (1950) 
defined phosphate "sorption" or "retention" as the removal of phosphate 
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from solution by soil or a soil constituent, while "fixation" is described 
as the reduction in the amount of phosphate that can be absorbed by plant 
roots. The practical importance of phosphate fixation lies in its effect 
on P availability to the growing plants and the effectiveness of phosphatic 
fertilizer additions. Excellent reviews on this subject have been pub­
lished by Wild (1950) and by Hemwall (1957). 
Many investigations have been made to assess the importance of vari­
ous factors in phosphate fixation and to clarify its mechanism. There has 
been no general agreement however, concerning the explanation of its mech­
anism. 
The general procedure used in determining phosphate fixation has been 
to bring soil samples into contact with P solutions of known concentra­
tions for a predetermined period of time, and then determime the amounts of 
P in the sample according to a chosen method of extraction. The amount of 
P extracted from the treated soil minus the amount of P from untreated soil 
indicated the amount of applied P that was recovered. The amount of P 
fixed by the soil was obtained by the difference between the applied P and 
the recovered P. Since there has been no universal method for determining 
P fixing capacity of a soil as regards the extractant used, the rate of 
added P and the time of contact, it is likely that differences in the pro­
cedures used caused differences in the results obtained. 
Chu and Sherman (1952) reported that phosphate fixation in acid latoso-
lic Hawaiian soils was associated with high contents of aluminum and iron 
oxides in hydrated form.- The fixation study on these soils was performed 
by adding a solution containing 100 mg P to a 100 gram soil sample. The 
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samples were then shaken for 24- hours. They found that in the presence 
of the reactive sesquioxides these soils fixed about 90% of added P as 
measured by the water soluble extract. 
Williams (1950) found that in acid soils of South Australia basic 
phosphates of iron and aluminum tended to predominate. The fixing capacity 
of these soils as measured by extraction with 0.1 N NaOH was reported by 
Kanwar (1956). He found that most of the fixing capacity of the soils 
were attributed to the coarser fraction, and that the clay fraction con­
tributed only 20 per cent of the total. By removing the reactive oxides of 
iron and aluminum, the phosphate fixing capacity was decreased considerably. 
He also obtained the same result when the phosphate retention capacity of 
these soils was determined in the presence of an excess of 8-hydroxy 
quinoline, a complexing agent that was introduced by Ghani (1943), to 
block the reactivity of iron and aluminum oxide in fixing phosphate, Chang 
and Chu (1961) reported that after 31 years of application of superphos­
phate in the field, P retained in the soil was in the form of iron-, 
aluminum- and calcium phosphate in decreasing order. 
Many workers agreed that the formation of iron and aluminum phosphate 
compounds accounted for high phosphate fixation in acid soils. There has 
been no general agreement, however, as to whether this phosphate fixation 
is mainly due to mutual precipitation with iron, aluminum, or calcium 
present in the system or chemical adsorption on the surface of the soil 
mineral (Saeki and Okamoto, 1957; Hemwall, 1957), A critical review on 
this subject has been presented by Midgley (1941), 
Phosphate fixation in alkaline or calcareous soils has been attribut-
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able to the activity of calcium. When soluble phosphate is added to soil 
containing calcium carbonate it is found that dicalcium-, tri-calcium 
phosphate or apatite is formed. Mclntire and Hatcher (1942) noted that in 
a soil limed to neutrality, a larger proportion of soluble phosphate was 
converted to dicalcium and tricalcium phosphate. And since fluoride is 
usually present and retained by soils with high contents of calcareous 
limestone, he assumed that calcium fluorophosphate was formed. Cole et al. 
(1953) investigated the reaction of phosphate with calcium carbonate. They 
found that rapid monolayer sorption on the surface of calcium carbonate 
took place. And at high P concentrations as found in the surrounding fer­
tilizer particles, a precipitate of dicalcium phosphate was formed. They 
also mentioned that the initial adsorption products were due to high 
specific surfaces. Similar results were reported by Larsen et al. (1963) 
They found that dicalcium phosphate was the initial product of the reaction 
of monocalcium phosphate with calcium carbonate. Hagin and Hadas (1962) 
studied the change in solubility of various levels of monocalcium phosphate 
that were applied to low and highly calcareous soils. They found that P 
solubility as measured by water-soluble P was decreased at all levels of 
applied P. 
It is generally accepted that soil texture, soil reaction, time and 
rate of P application, soil temperature and organic matter are some of the 
factors that influence phosphate fixation in soils. 
Many investigators (Black, 1942 ; Coleman, 1944; Perkins et al., 1942) 
have shown that the finer fraction retained more phosphate than did the 
fractional of courser particles and that the nature and type of clay deter­
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mined the magnitude of this phosphate fixation. Perkins et al. (1942) de­
termined the fixing capacity of soil separates which were obtained by a 
sedimentation method. The fixation study was performed by adding a desig­
nated amount of monocalcium phosphate solution into a soil suspension and 
shaking for 18 hours at room temperature. The sample was then centrifuged 
and the supernatant liquid was passed through a clay filter. The filter 
was washed with 0.1 N and 0.05 N HCl and the P in the filtrate was deter­
mined using Denige's coeruleo molybdate method in which SnClg was used as 
reducing agent as described by Atkins (1923). They found that, on a weight 
basis, phosphate fixation increased with decreasing particle size. Scarseth 
and Tidmore (1934) reported that phosphate fixing capacity of soil colloids, 
as determined with 0.1 N after 24 hours of contact, varied inversely 
with the silica-sesquioxide ratio of the colloids. In an attempt to deter­
mine whether the free iron and aluminum or the clay mineral itself was re­
sponsible for the fixation of phosphate, Coleman (1942) conducted the fol­
lowing experiment. He used kaolinitic and montmorillonitic clays, both be­
fore and after removal of free iron and aluminum. The phosphated clays 
were obtained by dispersing the clays in P solutions of known concentration 
and shaking for 24 hours. The clays were flocculated with NH/^.C1 and 
centrifuged, and were then washed with 70% methyl alcohol. The amount of P 
removed from the clays was determined, and that portion that was not re­
moved was considered to be adsorbed. P was determined by the Fiske and 
Subarrow method as described by Parker and Fudge (1927) in which 1, 2, 4, 
amino-naphthol-sulfonic acid was used as a reducing agent. He found that, 
at pH 3, when free iron and aluminum were not removed, the kaolinitic clay 
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adsorbed more P than montmoril.lonitic clay. After removal of free iron 
and aluminum, however, both clays adsorbed less than one half as much P as 
before, Coleman (1944) also conducted a similar study to determine the 
effect of the degree of fineness of the clay minerals on the phosphate 
fixation, before and after removal of free iron and aluminum oxides. He 
found that the finer fractions adsorbed more P than the coarser fractions 
and also that maximum adsorption was obtained at pH of 3.5. But after the 
removal of free iron and aluminum oxides, those relationships did not hold 
true. These results show the importance of free iron and aluminum oxides 
in influencing the degree of phosphate fixation by the clay minerals. 
The effect of pH on the phosphate fixation has been studied inten­
sively. Black (1942) used various clays to determine the influence of pH 
and P concentration on the magnitude of phosphate fixation.> Three levels 
of P (1, 10 and 100 ppm) and contact periods of 48 hours and 30 days were 
employed for kaolinitic clays. A range of pH's from 3 to 8 was obtained 
by adding 0.01 N HGl or NaOH as necessary. KH2P0i|. was used as the standard 
solution. For the 48 hour period of contact samples were shaken continu­
ously in a shaker, whereas for the 30 day period, the samples were shaken 
by hand once or twice each day. P was determined in an aliquot after cen-
trifugation. He found that maximum fixation by finely ground kaolinite oc­
curred between pH 3 and pH 4 and it was not influenced by the time of con­
tact nor the concentration of added P. In another kaolinite clay (< 2 ju 
effective diameter), however, the maximum fixation for the 48 hour period 
of contact was between pH 5 and 7. In this case the time of contact as 
well as the concentration of P influenced the type of fixation. He 
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suggested that fixation by finely ground kaolinite was due to the replace­
ment of the hydroxyl ions by phosphate on the surface of the clay particle. 
The maximum fixation that occurred between pH 6-7 was considered as due to 
aluminum. Similar results were also obtained by Saeki and Okamoto (1957) 
in their study of phosphate fixation by bentonite over a wide range of pH. 
Briefly their procedure consisted of adding a known concentration of P 
solution to the bentonite sample, and the suspension was shaken occasional­
ly during 5 days of incubation at 30°C. P was determined by Sherman's sul­
fonic acid method in the aliquot after centrifugation. They found 2 maxi­
mums in the phosphate fixation curve at pH 3 and pH 6 which were explained 
as due to iron and aluminum, respectively. Coleman (1944) also found that 
most of the phosphate fixation by montmorillonitic and kaolinitic clays oc­
curred around pH 3.5, After removal of free iron oxides, however, fixation 
at this pH was reduced until it was about the same as at pH 7 to pH 9.5. 
Coleman (1942), and Kurtz et al. (1946) showed that the fixation reac­
tion with soil or soil clay mineral took place very rapidly in the initial 
stage, then decreased slowly but continuously. Kurtz et al. (1946) con­
ducted their study by adding 2 ml of a P solution as KH2P0^ of known concen­
tration into a 2 gram soil sample. P was extracted at intervals up to 78 
days, by adding 50 ml of water, shaking for 1 hour, and then centrifuging. 
Black (1942) obtained similar results for fixation at a 48 hour period as 
compared to a 30 day period. Cho and Caldwell (1959) used the same pro­
cedure as that of Kurtz et al. (1946) in determining phosphate fixation 
capacity, and found that most of the phosphate fixation took place within 2 
hours, continued for 12 hours and then levelled off. Kaila (1965) conducted 
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an incubation experiment to study the distribution of applied water soluble 
P in the various fractions of soil inorganic P. She reported that in most 
soil samples the applied P could be found almost completely in the fluoride 
soluble and alkaline soluble fractions as extracted by 0.5 N and 0,1 N 
NaOH, respectively. She found no difference between the results from a 30 
day incubation period and those from a 2 hour period of contact. 
The effect of temperature on P solubility depends on the effect of 
temperature on the relative rate of mineralization of organic P or chemical 
decomposition of insoluble inorganic forms and the rate of immobilization 
and chemical fixation of P in the soil. These in turn will depend on the 
range of temperature involved, rates of P applied, and biological activity 
in the soil under consideration. In addition, soil temperature has a di­
rect effect upon the physiological processes of the growth-of plants. 
Hinman et al. (1962) studied the effect of soil temperature and mois­
ture on the solubility of added monocalcium phosphate in a calcareous soil 
of Saskatchewan. A 200 gram sample of air dry soil was placed in a jar. 
Pellets (2 mm thickness and 5 mm in diameter) of monocalcium phosphate con­
taining 15 mg P were placed and pressed firmly on the center of the soil sur­
face, The level of temperature employed was 5, 16 and 27°C and the level of 
moisture was 0.4, 0.8, 2.0 and 6.0 bars which was equivalent to 17.2, 13.6, 
10,8 and 9.6 per cent moisture by weight. After 2 weeks of contact, a 
sample core of 15 mm diameter and 8 mm depth was taken and water soluble P 
was determined. They found that water-soluble P in the reaction zone in­
creased with a decrease in temperature or an increase in moisture tension. 
The highest solubility was obtained at 6.0 bar moisture tension at a tem­
perature of 5°G. Using the same soil and the same level of moisture and 
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temperature, Beaton and Read (1963) investigated the interaction effect of 
moisture and temperature on P uptake by oats using a short term cropping 
technique as described by Stanford and DeMent (1957). The oats were pre-
grown in the quartz sand for 14 days, and were then transferred and grown 
on the test soils for 6 days before being harvested. They found that P 
uptake by oats from the 6.0 bar moisture tension was less than from 2.0 
bar tension at all 3 levels of temperature. Their data showed an interac­
tion effect of moisture and temperature on P uptake. The highest P uptake 
by oats was obtained at 2.0 bar or 10.8 per cent moisture by weight and a 
temperature of 5°G. Differential effects of temperature on P solubility 
were also reported by Power ^  (1964). In P fertilized soils, incu­
bation temperatures above 59°F reduced water and NaHGO^ soluble P. But 
in soils where no P was added, the P solubility was not affected by tem­
perature over the range from 4 5 to 80°F. 
The effect of organic matter on P solubility is probably due to the 
role of organic acids, which are produced during organic matter decomposi­
tion, in complexing the iron and aluminum and thus preventing the precipita­
tion of soluble P (Bradley and Sieling, 1953). Swenson et al. (1949) have 
shown that certain organic and inorganic acids were effective in preventing 
P fixation. The ability of certain anions to replace fixed P was determined 
by adding the anions in increasing quantities to known mixtures of iron or 
aluminum and P. The amount of P released was plotted against the quantity 
of the added anion in consideration. They found that the relative ef­
fectiveness of the anions changed with pH of the solution. An increase of 
pH value from about 3 to 6 increased the effectiveness of tartrate, whereas 
16a 
that of fluoride remained almost constant. Struthers and Sieling (1950) 
later found that citrate was the most active anion in preventing P pre­
cipitation with both iron and aluminum compounds. Maximum effectiveness 
for citrate occurred between pH 3.0 to 4.8 then gradually decreased as pH 
was raised to 7.5. 
The effects of anaerobic conditions on the solubility of soil P after 
addition of organic substances were reported by Williams ^  al. (1958) and 
by Bromfield (1960). Williams et al^. (1958) conducted an incubation ex­
periment to determine the effect of oxidizable organic substances on P 
solubility under aerobic and anaerobic conditions. Soil samples were 
mixed with rock phosphate fertilizer and moistened to field capacity. 
Water, glucose, and glucose plus ammonium nitrate were used as treatments. 
The samples were then incubated for 14 days at 3 5°C. P was determined by 
sodium ethylene diamine tetraacetate extract at pH 9 and.referred to as in­
organic P. Their results indicated that after an anaerobic incubation the 
solubility of P was increased, and that, under these conditions, addition 
of glucose did not always increase the solubility of P. Similar results 
were reported by Bromfield (1960). His incubation experiment briefly con­
sisted of mixing crushed clover samples with various sources of P. These 
samples were then covered with distilled water and incubated at 25°G for 
30 days under aerated conditions and under 1 atm. pressure of nitrogen gas. 
At time intervals the water soluble P was determined by the Truog and Meyer 
(1929) method. He found that ferric phosphate was not dissolved during 
incubation under well aerated conditions, but it became more soluble as the 
degree of aeration decreased. 
16b 
The effect of water logged conditions on the solubility of P was 
also reported by Islam and Elahi (1954) in red latosolic soils from India. 
The experiment was conducted by adding glucose, potassium citrate and green 
manure as treatments into the soil water suspension. The samples were 
then incubated and P in 0.5 N acetic acid extracts was determined at one 
week intervals. He found that the amounts of ferrous iron and available P 
were increased by water logging of the soil sample, and that addition of 
oxidizeable organic matter markedly increased these transformations. He 
also noted that the green manure was the most effective. He suggested 
that the reduction of ferric salts to ferrous form caused the soil P to 
be more soluble. 
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MATERIALS AND METHODS 
Soil Samples 
Soil samples were collected from 20 different plots on experimental 
farms throughout the state of Iowa in the fall of 1964. These sites were 
chosen to provide different soil samples with a wide range of pH, avail­
able phosphorus, and other soil characteristics.. The locations sampled 
represent 10 of the major soil associations in Iowa. Table 1 shows the 
description of the sites, plot treatment and cropping history for each 
site. Most of the fields had been plowed when they were sampled. 
The sampling method was essentially the same as that described by 
Isobe (1966). About 60 pounds of soil were collected from the plow layer 
CO-6" depth) from each chosen plot. After large roots and plant residues 
were removed, the samples were placed in double-layer burlap sacks. Col­
lected samples were stored temporarily outdoors in the shade near the 
store room in the greenhouse. After all samples had been collected 
(Nov. 9-13, 1964), the moist samples were screened using ^inch sieves. 
This dimension of sieve was considered as satisfactory for obtaining a 
reasonable degree of fineness without appreciably destroying the original 
soil structure.! All foreign materials were removed. Each soil sample was 
mixed thoroughly in a wheelbarrow, then stored in a double layer poly­
ethylene bag until it was potted, 
Subsamples of each soil were sieved through a 1/8 inch sieve and 
analyzed for extractable P, exchangeable K, pH and moisture percentage. 
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Table 1. Description of sampling sites from which soil samples were 
obtained for this study 
Soil 
type Sample Gounty Expt. farm Experiment 
Crop ro­
tation^ 
Plot trS-
Kenyon sil 1 Buchanan Garr.-Clyde Rock-Super COM L2 
t r  15 t t  COM check 
I T  20 ! t  I I  Manure PK COM 
^13^25 
Gresco sil 2 Howard Howard Go. Rotation- GCOM check 
fertility 
3 Manure PK COM check 
16 Manure PK COM 
^13% 5 
Galva sil 4 O'Brien Galva— NP GGO 
^120 
Primghar 
18 NP GGO P42 
Moody sil 5 Lyon Moody NP GGO %20 
19 NP GGO P36 
Edina sil 6 Davis South.la. Rock-super COM check 
t x  7 " Rate of lime COM check 
Belinda sil 8 Monroe Albia pasture Rotation Gont.G 
^120 
Grundy sil 9 Ringgold Shelby-Grundy Rock-super COM check 
Marshall sil 10 Page Soil cons. Rotation Gont.G P9 
11 Rate of lime Gont.G. Check 
Ida sil 12 Monona West. la. Rot.-Fertil. COMM Check 
17 I t  f t  Rot.-Fertil. COM MP54 
Webster s id 13 Hancock Clarion- Rot.-Fertil. Gont.G. check 
Webster 
14 t t  t l  PK COM ^75° 
^Subscript refers to the number of lbs/A applied; L=lime, M=manure. 
C=corn, O=oats, M=meadow, 1964 crop is underlined. 
^Reduced to 40 lbs/A since 1963. 
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These analyses were performed by the staff of the Iowa State University 
Soil Testing Laboratory. Other subsamples were sealed in the double layer 
polyethylene bags, covered with burlap sacks, stored outside in the shade 
during the winter of 1964-55 and then transferred into a refrigerated room 
at 40°F in the spring. These subsamples were used for further laboratory 
study which included particle size analysis, organic carbon, GaGO^ content 
and a study of extractable P after P additions and incubation. 
Greenhouse 
Design of the experiment and differential treatments 
The treatments were arranged in a split plot design. Soils were al­
located to the whole plots while the P treatments were allocated to the 
split plots. Allocation of soils and P treatments to respective plots was 
done randomly. 
The treatments were four different levels of P, i.e. 0, 25, 50 and 
100 ppm P (on an oven-dry soil basis) per pot. These treatments are desig­
nated as Pg, P^, P2 and P^, respectively. PQ served as a check. The sym­
bols of PQ, P^, P2 and P^ will be used throughout this discussion. The 
treatments were replicated 3 times. The P treatments were applied at the 
beginning of the experiment prior to transferring the test crop onto the 
test soils. 
The P fertilizer was added as a water solution of monocalcium phos­
phate. For each level of P (25, 50 and 100 ppm P) stock solutions were 
prepared and were designated as Pj, and P^, respectively. These stock 
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solutions were calculated such that a 25 ml volume of solution would 
deliver the assigned level of P. Pipettes (25 ml) were used for each 
delivery in mixing the fertilizer solution with the test soil. 
To ensure that the test crops had a sufficient supply of nitrogen and 
potassium, additional N and K was added periodically in the form of 
CaCNO^)2 and K2SO4 solutions, respectively. The choice of KgSO^ was based 
on the reasoning that sulfur could become a limiting factor for the growth 
of the test crops. These nutrients were added through the plastic tubing 
into the sand layer below the soil. The amounts of N and K added between 
each cutting are given in Table 2. This table also shows the dates of 
seeding, transferring and harvesting the ryegrass, 
Pregrowing the test crops 
Common ryegrass of the genus Lolium sp, was used in this study as a 
test crop. This plant was considered to have reasonable properties with re­
gard to germination, and its perennial growth habit made it possible to 
obtain different cuttings without reseeding. 
The technique of pregrowing the ryegrass plants as described by Isobe 
(1966) was employed before the test plants were transferred onto the treated 
and untreated soils. This pregrowing technique was a refinement of the 
technique used by Ozus (1964) to obtain an extensive root development of 
the test crops by the time they were ready for potting. The pregrowing was 
done as follows. Paper-rings were made of 1% inch wide poster board. The 
size of the rings was adjusted such that they would fit the innerside dia­
meter of no. 10 cans, which served as pots in the greenhouse. Paper plates 
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Table 2. Dates of seeding, transferring, and harvesting, and the 
amount of N and K added between each cutting 
Date 
N and K added/pot 
mg N tag K 
Seeding Nov. 17, 1964 
Transferring Jan. 21, 1965 
Harvest 1 
Harvest 2 
Harvest 3 
Reseeding 
Harvest 4 
Harvest 5 
Harvest 6 
Harvest 7 
Harvest 8 
Harvest 9 
Harvest 10 
March 12, 1965 
April 17, 1965 
May 18, 1965 
June 4, 1965 
July 22, 1965 
August 23, 1965 
Oct, 5, 1965 
Nov. 12, 1965 
Dec. 17, 1965 
Jan. 22, 1966 
Feb. 27, 1966 
168 
120 
120 
120 
200 
240 
240 
240 
240 
240 
180 
234 
80 
80 
80 
160 
160 
160 
160 
160 
160 
160 
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trimmed to a diameter of 7% inches and covered by a polyethylene bag 
served as the base of the bed. Figure 1 gives the schematic description 
of this ring-shaped bed and the layout of the sand medium and soil in the 
pots. White silica sand (500 g) was used as the growth medium in the 
rings. About 1.6 g of ryegrass seeds were distributed uniformly on this 
sand medium in each ring. Additional silica sand (100 g) was spread to 
cover the seeds. Watering was done by pouring the water around the plate 
outside the ring. This prevented the seeds being washed out of the sand. 
The subirrigation watering was continued until the seedlings were well 
established. After that, a miniature sprinkler was used in watering the 
plants. Deionized water was used for all waterings. 
A complete nutrient solution (Hoagland's nutrient solution with some 
modification) was added during this pregrowing period. Calculated amounts 
were given in 100 ml of solution at each addition and were distributed as 
uniformly as possible on each sand culture. 
A stock solution was made up of 1 ml of 0.5 M Ga(H2POzj.)2«^20, 30 ml 
of 1 M KNO3, 10 ml of 1 M Ca(N03)2.4 H2O, 21 ml of 1 M MgSO^, 1 ml of sup­
plementary nutrient solution and 1 ml of 0.5% FeS0i(..7 H2O solution, and 
then diluted to make 1 1 volume. The supplementary nutrient solution was 
prepared by dissolving 2.86 g H3BO3, 1.81 g MnGl2.4H20, 0.22 g ZnSO^.Z H2O, 
0.08 g CuSO/J..5H20 and 0.02 g in 1 1 volumetric flasks. One ml 
of this supplementary stock nutrient was diluted to 1 1 volume. The iron 
solution was prepared by dissolving 5 g FeSO^.7 H2O in water and diluting 
to a volume of 1 1. During the pregrowing period, each sand culture re­
ceived 3 applications of the complete nutrient solution on Dec. 6, 
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PAPER 
RING SAND 
PAPER PLATE POLYETHYLENE 
COVER 
PLASTIC TUBING 
DOUBLE 
POLYETHYLENE 
LAYER 
y : •_ . 
SAND 
)SOIL 
>SAND 
Figure 1. Sand culture bed for pregrowing ryegrass and diagrammatic 
layout of the sand medium, tubing, and the test soil in 
the no, 10 can. 
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19 and 29, 1964 with total additions of 9.3 mg P, 168 mg N and 234 mg K. 
Potting the soil 
The method of potting was the same as that described by Hanway and 
Ozus (1966), Isobe (1966) and Tabatabai (1965). Diagrammatically, the 
layout of each pot is shown in Figure 1. 
Undried soil, that had been prepared previously, was weighed to ob­
tain 1000 grams equivalent of oven-dry soil. This amount was used for 
each pot. For the treated soils, the phosphate fertilizer was added as 
a solution of monocalcium phosphate. Each level of calculated P was de­
livered by means of a 25 ml pipette and care was taken to obtain a homo­
genous distribution in the soil sample being treated. This was done by 
spreading the soil sample into a thin layer on a plastic sheet, mixing 
thoroughly with the added fertilizer and then transferring it into an 
electric rotary mixer. Each sample was mixed for 5 minutes, then trans­
ferred to its assigned pot. The untreated soils, after weighing, were 
placed directly into the pots. 
The test crops were transferred by placing the sand medium on which 
the plants were growing directly upon the test soil. Before this, the 
paper plate and the ring of poster board were discarded. A hole was made 
in the center of the sand culture by means of no. 13 cork borer to fit the 
center tubing of the pot. The placement of each ring of sand culture in 
each pot was such that a good contact between the roots and the test soil 
was obtained and also to provide, more or less, the same depth of the 
surface of the sand below the rim of the can. This made it easier to 
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obtain a homogenous height (about 1 inch above the sand surface) of cut­
ting at the time of harvesting. The transferring of the test crops was 
completed on January 21, 1965. 
After the 3rd cutting some of the grass plants turned brown and were 
dying. Reseeding of the whole experiment was then performed directly on 
the sand medium in the test pot, without the pregrowing period as was 
done at the beginning of the experiment. Reseeding (after the 3rd harvest) 
was done on June 4, 1965. 
Watering and harvesting 
Deionized water was used in all watering. The pots were kept in more 
or less a field capacity moisture condition throughout the experiment. To 
maintain this condition it was assumed that each soil would hold about 25% 
moisture. Each pot was weighed periodically, and water added as neces­
sary. In daily practice, only some of the pots were weighed, and the ad­
dition of water to other pots was based on the average value of the weighed 
pots. 
Harvesting was done by clipping the grass with a grass shear just 
about the surface of the can (1 inch above the sand). Plant material from 
each pot was put in a labelled paper sack, dried in a force-draft oven at 
65°C for 48 hours. Weighing was done on a torsion balance and dry weights 
were recorded. The plant materials were then ground in a Thomas Wiley mill 
using a 20 mesh sieve. When the samples weighed less than 1 gram, a 
smaller laboratory mill was. used. The ground samples were stored in coin 
envelopes. 
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Laboratory 
Soil analyses 
The soil analyses for extractable P, exchangeable K, soil pH and 
moisture determination were performedby the staff of the Soil Testing 
Laboratory, Agronomy Department, Iowa State University. 
Extractable soil P in undried soil was extracted using Bray no. 1 
extracting solution (0.03 N NH/j^F in 0.025 N HGl) with 1:10 soil to solu­
tion ratio. To a 10 ml aliquot of the filtrate was added ammonium-
molybdate in HGl solution and then l-amino-2-naphthol-4-sulfonic acid as 
a reducing agent. The intensity of the blue color that developed was read 
in a photoelectric colorimeter using a 660 my filter. 
Exchangeable K was determined by extracting 5 grams of undried soil 
with 25 ml of 1 N ammonium acetate solution. The K content of the filtrate 
was determined by use of a flame photometer using Li as an internal 
standard. 
Soil pH. was determined with a glass electrode pH meter using 1:2 soil/ 
water ratio. 
Soil moisture was determined by drying a sample of moist soil of 
known weight in an oven at 105°G for 24 hours and reweighing. The moisture 
percentage was expressed on an oven-dry soil basis. 
Additional soil analyses that were performed included particle size 
analysis, organic carbon and CaCO^ equivalent. The effect of added P on 
the extractable P in the soil as function of time of incubation after the 
P addition was also studied. 
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Particle size analyses were adapted from the method that was described 
by Kilmer and Alexander (1949). A 10 gram sample of soil was weighed and 
placed in a 250 ml baby nursing bottle. About 100 ml of 5 ml of 1% 
acetic acid and 5 ml of H2O2 were added to each sample. The amount of H2O2 
added as an oxidizing agent depended on the estimated organic matter con­
tent of the sample. The samples were left overnight until the visible 
froth or dark color disappeared. Ten ml of Calgon was then added as a 
dispersing agent and additional water was added to bring the volume to 
about 150 ml. The samples were then shaken for 10 to 12 hours in a shaker. 
The bottles were removed from the shaker, and the contents were trans­
ferred into a 1000 ml cylinder. The clay and silt fractions were obtained 
by pipetting aliquots at specified times and depths of sampling, which were 
temperature dependent, and placing the aliquots in beakers. The sand frac­
tion was obtained by washing the contents of the cylinder through a 300 mesh 
sieve. The fraction remaining on the sieve was transferred into a 50 ml 
beaker. All the beakers were then dried in an oven at 105°G for 24 hours, 
cooled in a desiccator and weighed. The fractions of sand, silt and clay 
were calculated and expressed as percentages on an oven-dry basis. 
The procedure used in determining organic carbon in the soils was 
adapted from the Mebius method (1960). The soil organic matter was oxidized 
by potassium dichromate in concentrated sulfuric acid and the excess potas­
sium dichromate was then back titrated with Mohr's salt. Finely ground, air 
dried samples (80 mesh) were weighed and placed in 125 ml erlenmeyer flasks. 
The amount of sample (0,3 to 0.5 g) depended on the estimated C-content. 
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Ten ml (exactly) of 0.5 N K2Cr207 was pipetted into the flask, and then 
15 ml of concentrated H2S0^ was added. The flask was connected to a reflux 
condenser and boiled for 30 minutes. After cooling, the inside of the con­
denser was rinsed with about 50 ml of water, the flask and its contents 
were then allowed to cool to room temperature. This was done while the 
flask and the condenser were still connected. Titration with Mohr's solu­
tion using N-phenylanthranillic acid as an indicator was performed with 
stirring, using a variable-speed magnetic stirrer and a teflon-coated stir­
ring bar. An illuminated background was used to make the end point easier 
to observe. The color change was from violet to bright green. Analyses of 
boiled and unboiled blanks were performed, and correction factors for the 
amount of the dichromate consumed during boiling were calculated. The dif­
ferences between the blank and the soil analyses were then corrected by 
this factor. The content of organic carbon was calculated and expressed 
as a percentage by weight of the dry soil. 
A vacuum distillation and titration method as described by Allison and 
Moore (1965) was employed in determining the percentage of carbonate-G and 
CaCOg equivalent in the samples. This was essentially the same method that 
was introduced by Schollenberger in 1945. The procedure consisted of treat­
ing the soil sample with acid under vacuum and low temperature, collecting 
the evolved CO2 in Ba(0H)2 solution and then back titrating the excess 
Ba(0H)2 with HGl of known strength. SnGl2 was added as antioxidant to pre­
vent the liberation of CO2 from the soil organic matter. 
The soil samples were ground to pass a 100-mesh sieve. Five to ten 
gram samples (depending on the estimated carbonate content) were weighed 
and transferred into the digestion flasks. Five drops of antifoam (a mix­
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ture of 1:1 n-octyl alcohol and mineral oil) were added to the sample to 
prevent bumping that might occur during the digestion. The digestion flask 
was then connected to a condenser. The rubber stopper of the condenser 
was moistened first to secure a tight contact. Vacuum suction was em­
ployed to lower the boiling point of the digest and to hold the flasks 
tightly. When vacuum was established, 50 ml of 0.2 N Ba(0H)2 was delivered 
by means of an automatic pipette into the second flask. About 50 ml of 
water was added to the digestion flask by suction. Then 5 ml of 5% SnGl2 
in 3 N HGl, 15ml of 6 N HGl and about 25 ml of water were added in a 50 ml 
beaker. Low heat was applied by using a microburner. Care was taken that 
the digest was not boiled excessively. The flask containing the Ba(0H)2 
solution was swirled to enhance the absorption of CO2 by the Ba(0H)2. When 
the formation of a white crust on the surface of Ba(0H)2 solution ceased, 
the digestion was discontinued. The flask was then removed from its holder, 
stoppered immediately and swirled again to ensure that all GO2 was absorbed. 
Titration with 0.2 N HCl was done by inserting the tip of the burette into 
the hole in the stopper of the flask. Phenolphthalein was used as an indi« 
cator. Shaking and swirling of the flask were necessary during the course 
of titration especially when nearing the end point. The change of color 
from faint pink to white was quite sudden. All water used in this deter­
mination was C02-free water. This was obtained by boiling distilled water, 
cooling and storing in a bottle. To prevent contamination with COg from 
the air, the stopper of the bottle was sealed and connected to an ascarite 
column. The same was done for all bottles containing reagents that were 
used for this determination. 
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To determine how added P influenced the extractable P in the soils, 
the same treatments of added P as were used in the greenhouse were applied 
to samples of each soil. Addition treatments (150, 200 and 300 ppm P) were 
made for the Ida soils. At specified time intervals after the P was added 
to the soil samples, subsamples were taken and extractable P was determined. 
This study was initiated in January, 1965, using the original soil samples 
that have been stored in the cool room in the greenhouse main building. 
The procedure employed was as follows; A 200 gram (oven dry basis) sample 
of undried soil was placed in a pint Mason jar. The addition of P fertilizer 
for the treated soils was exactly the same as had been done in the green­
house study except that the calculated amount of P was delivered with a 10 
ml pipette. The jars were covered with aluminum foil to lessen evaporation, 
and several small holes were made to ensure that the samples were in an 
aerobic condition throughout the incubation period. The jars were then ar­
ranged in a split plot design on a laboratory cart. The samples were kept 
moist by adding water as necessary to maintain a field capacity condition. 
After 5, 10, 15, 20, 30, 50 and 100 days, duplicate samples of about 2 
grams were taken from each jar and placed in small aluminum containers. 
These samples were air dried overnight and ground in a porcelain mortar. 
One and one half gram samples were then weighed, and placed in 50 ml erlen-
meyer flasks. Three ml of water and 12 ml of a slightly concentrated 
Bray no. 1 solution were added to the sample making a 1:10 ratio of soil 
to extracting solution (0.03 N and 0.025 N HCl). The samples were then 
shaken in a wrist-action shaker for 5 minutes. The extracts were filtered 
using S and S 402 filter paper. A ten ml aliquot of the extract was 
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pipetted into a 50 ml beaker, and then 0.5 ml of ammonium molybdate solu­
tion and 0.5 ml of l-amino-2-naphthol-4-sulfonic acid as a reducing agent 
were added consecutively. Fifteen minutes after the addition of the re­
ducing agent, the intensity of the blue color in the sample was read in a 
Bausch and Lomb Spectronic 20 colorimeter using a 660 m^x filter. Blanks 
were run each time readings were made and standard curves were prepared 
based on readings obtained for standard P solutions. 
Plant analyses 
Determinations of N, P and K in the plant materials were performed by 
a technician in the Agronomy Department, Iowa State University. The methods 
employed were essentially the same as described by Hanway (1962). Briefly, 
the procedure consisted of digesting a 0.5 g plant sample in 10 ml of con­
centrated for about 24 hours using Gu as a catalyst. The digest was 
diluted with NH^-free distilled water to a specified volume and separate 
aliquots were taken for N, P and K determinations. 
N was determined by the method adapted from Bremner and Keeney (1965) 
where nitrogen is released from the aliquot as ammonia by steam distilla­
tion after the aliquot had been made alkaline by addition of NaOH. The 
distillate was collected in a boric acid-indicator solution and titrated 
with standard sulfuric acid, 
P was determined by a vanadomolybdate procedure. Color intensity was 
determined with a photoelectric colorimeter using a 420 mjj filter. 
K was determined with a flame photometer using Li as an internal 
standard. 
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Statistical computation 
A textbook by Steel and Torrie (1960) was used as the guide to 
statistical procedures in regression analyses in this thesis. Computa­
tions for the quadratic equations relating percentage of P, dry matter 
yields, and P uptake by ryegrass to the soil test P were done by the Iowa 
State University Statistical Laboratory. 
EXPERIMENTAL RESULTS 
Laboratory Studies 
Soil properties 
The results of the laboratory analyses of the initial (uncropped and 
untreated) soil samples are given in Table 11, Appendix. Each value re­
ported is the average of two or more determinations. The initial phos­
phorus soil test values varied from 7.5 to 31.5 pp2m. There was consider­
able variation within soil types as well as among soil types. Soil pH 
varied from 5.2 to 8,1 in the different samples. Exchangeable K varied 
from 74 to 344 pp2m. Organic carbon varied from 0.85 to 3.64 per cent. Per 
cent clay varied from 13.6 to 3 5.8 and per cent sand varied from 1.8 to 
33.8, The GaCOg equivalent was very low in all soils except one Webster 
soil sample which contained 1.27 per cent CaCOg and two Ida soil samples 
which contained more than 6 per cent GaCO^. 
There appears to be no relationship between the initial soil phosphorus 
test results and soil pH or any of the other soil properties measured. 
Much of the variation in the phosphorus test results is probably due to 
differences in previous treatments and cropping practices on these soils. 
The effect of added P on the phosphorus soil test of the different 
soils as a function of time of incubation after the P additions, is pre­
sented in Table 12, Appendix, and the averages of these soil tests (av­
erages of tests made after 5, 10, 15, 20, 30, 50 and 100 days incubation) 
for each soil are shown in Table 3. The linear regression equations re­
lating the average P soil test (Y) to the amount of P added (X) are reported 
in Table 4 for all of the different soil samples. The bg values from those 
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Table 3. Average soil test (ppm) over 100 days incubation period as 
measured by the Bray no. 1 extractable phosphorus, at dif­
ferent levels of added P 
Soil Soil Initial P added (ppm) 
type^ sample P soil test 0 25 50 100 
no. (ppm) 
Ida 12 
00 CO 
1.6 2.5 2.8 3.9 
Webster 13 4.9 4.6 17.0 31.7 56.1 
Edina 6 5.0 4.8 13.7 24.8 50.3 
Kenyon 1 5.2 5.7 14.1 25.7 50.0 
Moody 5 5.4 5.3 13.8 26.3 51.2 
Gal va 4 5.7 5.4 12.8 23 .3 47.7 
Cresco 3 6.0 7.7 15.3 25.6 48.2 
Kenyon 15 6.5 6.5 16.3 27.5 54.4 
Cresco 2 7.0 8.3 18.2 29.0 55.2 
Ida 17 7.0 2.9 4.8 6.8 8.2 
Webster 14 7.7 5.5 18.7 33.5 61.2 
Marshall 11 8.3 12.2 23.9 35.9 63.9 
Grundy 9 8.4 7.4 15.5 25.6 49.3 
Cresco 16 9.3 10.3 19.8 29.0 51.9 
Kenyon 20 9.8 10.5 19.7 31.6 53.4 
Gal va 18 10.0 12.0 20.2 32.3 52.6 
Moody 19 10.3 11.9 20.3 33.0 57.7 
Belinda 8 12.5 12.1 21.8 32.8 56.1 
Edina 7 13.8 14.6 26.1 36.5 62.1 
Marshall 10 15.8 17.8 28.2 41.9 68.8 
^Soil type = all sil, except for Webster aid, throughout tables. 
Table 4. Relation between P soil test values (Y = ppm P) and P added 
CX = 0, 25, 50 and 100 ppm P) 
Soil Soil Initial P Regression equation Coefficient of 
type sample soil test Y = b^ + b^ X determination 
no. (ppm) r^ 
Ida 12 3.8 1.9 .019 .829 
Webster 13 4.9 4.7 .518 .999** 
Edina 6 5.0 3.3 .460 .994** 
Kenyon 1 5.2 4.2 .450 .995** 
Moody 5 5.4 3.7 .467 .995** 
Galva 4 5.7 3.5 .430 .990** 
Cresco 3 6.0 6.2 .411 .994** 
Kenyon 15 6.5, 5.1 .483 .994** 
Cresco 2 7.0 7.0 .472 .995** 
Ida 17 7.0 3.4 .053 .934*-;r 
Webster 14 7.7 5.2 .560 .999** 
Marshal1 11 8.3 11.3 .519 .998** 
Grundy 9 8.4 5.9 .424 .993** 
Cresco 16 9.3 9.5 .417 .997** 
Kenyon 20 9.8 9.8 .434 .999** 
Galva 18 10.0 11.2 .413 .997** 
Moody 19 10.3 10.3 .466 .995** 
Belinda 8 12.5 11.3 .443 .998** 
Edina 7 CO
 
00
 
14.1 .474 .999** 
Marshall 10 15.8 16.6 .517 .997** 
*Significant at the 5% level, here and throughout thesis. 
**Significant at the 1% level, here and throughout thesis. 
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regression equations, which estimate the P soil test of the check soils 
averaged over the 100 day incubation period, compared favorably with 
the initial P soil test values(expressed as ppm) as determined in the Soil 
Testing Laboratory. The b% values estimate the proportion of the added P 
which was recovered in the P soil test. These b^ values for the 14 soil 
samples from the Kenyon, Gresco, Galva, Moody, Edina, Belinda and Grundy 
series indicate relatively little difference between these soils with an 
average recovery between 41.1 and 48.4 per cent of the added P. Within 
this group of 14 soils there was as much variability between different 
samples from the same soil series as there was between different soil series. 
However, the average recoveries from the four Marshall and Webster soil sam­
ples were slightly higher, varying from 51.6 to 56,0 per cent of the added 
P. Recovery of the added P from the two Ida soils was very low, 1.9 and 
5.3 per cent, so additional studies were made with these samples of Ida 
soil. The results for these Ida soil samples will be discussed later. 
The effect of time of incubation after the P additions and of the 
amount of P added on soil test P as measured by the Bray no, 1 extractable 
phosphorus test averaged for the group of 18 soils (excluding Ida soils) is 
illustrated in Figure 2. The P soil tests of the check soils with no added 
P did not fluctuate appreciably during the incubation period, but the P 
tests for the soils with added P decreased with time. The average in­
creases in the P soil test values of the two different groups of soils 
(other than Ida soils) resulting from the addition of 25, 50, and 100 ppm P 
and different periods of incubation are shown in Table 13, Appendix, and 
illustrated in Figure 3. For both groups of soils, the increase in the P 
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Table 5, Percentage recovery of added P in groups of 14 and 4 soils 
P added Time of incubation (days) 
(ppm) 5 10 15 20 30 50 100 
Average of 14 soils 
25 40 38 37 37 39 32 30 
50 46 44 40 41 39 38 33 
100 48 48 43 47 43 42 37 
Average of 4 soils 
25 52 51 48 51 44 44 44 
50 57 55 52 51 49 48 47 
100 57 56 56 58 50 52 49 
Average of all soils (Ida excluded) 
25 43 41 40 40 36 39 32 
50 48 46 42 42 41 40 36 
100 50 50 47 49 42 44 40 
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test due to the added P decreased with time. This is also shown in the 
average percentage of the added P recovered in the soil test extract for 
the 2 groups of soils as a function of time as shown in Table 5 and il­
lustrated in Figure 4. This figure also shows that the percentage re­
covery of added P increased as the amount of P added was increased. The 
average percentage recovery of the different amounts of added P and the 
range of recoveries for the 18 soils is shown in Table 14, Appendix, and 
illustrated in Figure 5. All of these relationships show the same effect 
of time and amount of P added on the recovery of added P in the soil test 
extract. 
For the group of 14 soil samples from which recoveries of added P 
were similar, where 2 5 ppm P was added an average of 40 per cent was re­
covered in the test after 5 days incubation but recovery gradually decreased 
with time of incubation so only 30 per cent was recovered after 100 days 
incubation (Table 5). This compares with 48 and 3 7 per cent, respectively, 
where 100 ppm P was added. The percentage recoveries from the 50 ppm P 
addition was intermediate between that for 25 and 100 ppm of added P. The 
percentage recoveries of added P from the Marshall and Webster soil sam­
ples were consistently higher than for the other 14 soil samples at any 
one time of sampling, but showed similar trends due to the amount of P 
added and time of incubation. It appears that the reactions which re­
sulted in lowering the extractability of the added P by this extractant 
were similar for the two different groups of soils, but that these reac­
tions proceeded at a faster rate in the group of 14 soil samples than in 
the Marshall and Webster soil samples. This difference between these 2 
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groups of soils does not appear to be related to differences in soil pH, 
initial P or K soil test levels, organic carbon, or clay and sand content. 
Neither did the presence of 1.27 per cent CaCO^ in the one Webster soil 
sample appear to have any effect. 
Because of the very low recovery of added P by the soil test ex-
tractant from the two Ida soil samples, additional higher rates of added P 
(150, 200 and 300 ppm P) were added to these soil samples. The amount of 
P extracted from these soil samples as influenced by the amount of P 
added and time of incubation are reported in Table 15, Appendix. Recover­
ies of the added P were consistently less than 10 per cent. However, simi­
lar trends of decreasing percentage recovery with decreasing rates of added 
P and increasing time of incubation are apparent for these 2 Ida soils as 
were observed for the other soils. It appears that the rate of reaction 
making the added P unavailable to the extractant used here was much faster 
in these Ida soil samples than in the other soils so it had proceeded much 
farther before the first sampling at 5 days after the P was added. 
These Ida soil samples contained more than 6 per cent GaCOg which 
would neutralize all of the HGl in the extractant. The extractant is 
0.025 Normal with respect to HCl so with a 1 to 10 soil to solution ratio 
the extractant contains 0.25 m.e. of acid per gram of soil, A GaCO^ con­
tent of 1.25 per cent in the soil would be 0.25 m.e, of GaCO^ per gram 
of soil, Biis is approximately the GaCO^ equivalent of the one Webster 
soil sample which reacted to extraction of the added P similar to the non-
calcareous soil samples. However, the two Ida soil samples contained 
siightly more than 5 times this amount of GaCO^. To determine whether the 
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added P would be recovered from these Ida soils if enough extractant were 
used to neutralize all of the GaGOg in the samples, the Ida soil samples 
were extracted with a 1 to 60 soil to solution ratio. This increased the 
amount of HGl per gram of soil by 6 times that present when extracting with 
a 1 to 10 ratio. The results of this extraction after a 90 day incubation 
period are presented in Table 6. When this 1 to 60 soil to solution ratio 
was used the recovery of added P in these two Ida soils was much higher 
than when a 1 to 10 ratio was employed. More than 50 per cent of the added 
P was recovered from the higher rates of added P and 31 to 3 7 per cent was 
recovered for the 100 ppm rate of added P. The trend due to rate of added 
P was the same as for the other soils, namely increasing percentage recovery 
with increasing rate of P added. 
While the percentage recovery of added P from the Ida soil was in­
creased by increasing the soil to solution ratio, the amount of P extracted 
from the check soil was also much higher for the 1 to 60 soil to solution 
ratio than for the 1 to 10 ratio. It may be questioned whether this high 
value of extractable P in the check gives a true index of its availability. 
If similar increases in extractable P were obtained for all of the soils 
when the 1 to 60 soil to solution ratio was used, use of this ratio would 
provide a reliable index of P availability in all of the soils. Attempts 
were not made to determine the extractable P from these calcareous Ida 
soils after different times of incubation or to correlate the amounts ex­
tracted with the crop response. It is recognized that further investiga­
tion on this problem of P extraction from calcareous soils is needed, but 
such studies were beyond the scope of this investigation. 
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Table 6. P soil tests as influenced by P additions and recovery of 
added P (ppm P)^in two Ida soils as measured by the Bray 
no. 1 extractable phosphorus using 1 to 60 soil to solution 
ratio (incubation period 90 days) 
Soil P added (ppm) 
sample 
no. 0 25 50 100 150 200 300 
Average P soil test 
12 48.0 54.6 62.4 79.2 96.6 141.6 201.6 
17 76.2 80.4 93.0 113.4 132.6 183.6 234.0 
Average increase over check 
12 6.6 14.6 31.2 48.6 93.6 153.6 
17 . 4.2 16.8 37.2 56.4 107.4 157.8 
Average percentage recovery of added P 
12 26.4 29.1 31.2 32.4 46.8 51.2 
17 16.8 33.6 37.2 56.4 53.7 52.6 
^Time of incubation 90 days. 
Change in P and K soil test due to cropping 
The soil test results for P and K after cropping are presented in 
Table 16, Appendix. Soil pH was not influenced appreciably by the P 
addition and croppings, so it was not reported in this table. Exchange­
able K, however, was much higher after cropping in the soils where no P 
was added than where P was added. It seems that the high exchangeable K 
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after cropping is related to the relatively low K uptake by the ryegrass 
where no P was added and especially where the soil had a low initial soil 
test P level. Table 17, Appendix, shows the total K uptake (mg K/pot) 
in 10 croppings from each soil sample at each level of added P. The in­
verse relation between K uptake by the ryegrass and exchangeable K in the 
soil after cropping is readily apparent when the data in Tables 16 and 17 
are compared. 
P soil test values for the different soils after cropping for the 
different levels of added P are shown in Table 16 and are illustrated in 
Figure 6 in relation to the P soil test values before cropping. As shown 
by these scatter diagrams, the P soil tests were decreased due to cropping 
and were reduced to approximately the same level in all soils irrespective 
of the initial P soil test level of the soil, especially where no P was 
added. Cropping decreased the P soil test level less where P was added 
than where no P was added. This is illustrated by the relationship between 
soil test P before cropping and after cropping where 100 ppm P was added 
for which the following regression equation was obtained: 
Y = 5.65 + 0.197 X (r^ = 0.436*) 
where Y and X are the P soil test (ppm P) after and before cropping, 
respectively. 
Greenhouse Studies 
The average values of dry matter yields of the ryegrass and the per­
centages and milligrams of P, N, and K in the ryegrass are shown in Table 
PqC CHECK) P. (25ppm) 
0 
l| (50ppm) 
J L J L 
P, (lOOppm) 
J _L 
5.65 + 0.I97X 
0.436* 
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Figure 6^ Relation between soil analyses before and after cropping with ryegrass in 20 soils 
under different rates of added P, 
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20, Appendix» The dry matter yields and the chemical analyses provide 
relative measures of the growth and nutrient uptake by the plants, re­
spectively, for use in comparing the different soils and treatments. The 
number of milligrams of P, N, and K per pot in the harvested dry matter 
will be referred to as P, N, and K uptake, respectively. The increase in 
P uptake at a specified rate of added P over the uptake from the same 
soil with no added P will be referred to as uptake of added P. It is recog­
nized that this method of calculating uptake of added P is subject to some 
errors, but it is believed that such errors are relatively minor here. 
The N and K contents of the plants indicate that these elements were 
present in adequate amounts throughout the course of the greenhouse ex­
periment and deficiencies of these elements did not limit any of the dry 
matter yields. Table 18, Appendix, shows the cumulative uptake of N and K 
by ryegrass as the average of all soils, at different levels of added P, 
and the total (cumulative) additions of N and K into the sand layer below 
the soil during the cropping period. This table indicates that the total 
additions of N and K were always higher than total uptake of these elements 
at any time of cutting during the cropping period. The average uptake of N 
and K during the cropping period as reported in Table 18, Appendix, is il­
lustrated in Figure 7, which shows that both elements were taken up almost 
in the same trend, and that uptake increased with increasing rate of added 
P. As discussed earlier, the low uptake of K from the soil where no P was 
added is related to the low yields of the crops due to inadequate P. 
The cumulative dry matter yields of ryegrass (average and range of all 
soils) at different levels of added P are shown in Figure 8. The average 
dry matter yield for the 100 ppm (Pg) rate of added P was very nearly a 
linear function of time and there was relatively little difference between 
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the yields obtained from the different soils until the latest cuttings. 
However, for the PQ treatment the average rate of dry matter production 
tended to decrease with time and there was a wide range of values for the 
different soils. Although the total dry matter yields for 10 cuttings were 
very low for some soils, the total yields from other soils with no added P 
were very near those of other soils where P3 had been added. The character­
istics of the curves for the P]^ and P2 rates of added P are intermediate be-
tween those for Pg and P3. 
The average dry matter yield for each cutting as influenced by added P 
is illustrated in Figure 9. The shape of the dry matter yield curves 
varied for the different cuttings. The average dry matter yield for the 
first three cuttings was increased by the addition of 25 ppm P but addi­
tions of 50 and 100 ppm P resulted in little or no further increase in 
yield. However, by the 4th cutting the yield continued to increase as the 
rate of P added increased and by the 5th cutting the yield was essentially 
a linear function of the amount of P added. (It should be noted that the 
4th and subsequent cuttings were obtained from ryegrass that was reseeded 
directly in the pots after the plants had begun dying at the third harvest). 
In the 6th and subsequent cuttings, yields increased at an increasing rate 
as the amount of P added increased, but by the 10th cutting the yields were 
low even at the highest level of added P. It appears that in the first 3 
cuttings the average initial soil P was high enough so additions of higher 
rates of P did not result in higher yields than were obtained from the low 
rate of added P. However, with continued croppings the level of soil P ap­
parently decreased and the lower rate of added P was depleted so the higher 
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Figure 9, Yield of dry matter by cutting-as influenced by the rate 
of added P. 
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rates of P resulted in higher yields and a different shape in the dry-
matter yield curves. This point is illustrated further in Table 7 and 
Figure 10. Table 7 presents the total dry matter yields for the first 3 
cuttings and the total of 10 cuttings from each of the 20 different soil 
samples as influenced by P additions. Averages and ranges obtained from 
these data are illustrated in Figure 10. The 3 and 10 cutting total yields 
of the check pots with no P added generally increased as the P soil test 
level increased. Where 50 or 100 ppm P was added, the yields at the end of 
3 cuttings were very similar for all soils and any variation that occurred 
was not related to the initial soil test P values. However, as will be 
shown later, the total yields of the 10 cuttings were related to the ini­
tial P soil test values at all levels of added P. The total yields where 
100 ppm P was added to soils with low initial P soil tests were only 
slightly higher than the yields on soils with high initial P soil tests 
where no P was added. 
The average values and ranges of percentage P in the harvested dry 
matter for each cutting are reported in Table 19, Appendix. In general, 
the trend was a decreasing percentage P with decreasing rate of added P and 
increasing number of cuttings. The decreasing trend of percentage P in the 
plant materials was also related to the decrease in plant growth as 
measured by the yield of dry matter during the course of the successive 
cropping periods. Percentages of P in the dry matter were influenced by 
the level of available P in the soil. When the level of available P was 
so low that plants obtained an insufficient amount of P for normal growth, 
typical P deficiency symptoms appeared. These were noted in some of the 
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Table 7. Total dry matter yields (g/pot) for the first 3 and for 
10 cuttings 
Soil Soil Initial P First 3 cuttings Total 10 cuttings 
type sample soil test PQ P^ P^ P3 PQ P^ Pg P3 
no. Cpp2m) 
Ida 
Webster 
Edina 
Kenyon 
Moody 
Gal va 
Gresco 
Kenyon 
Gresco 
Ida 
Webster 
Marshall 
Grundy 
Gresco 
Kenyon 
Gal va 
Moody 
Belinda 
Edina 
Marshall 
Average 
12 
13 9.8 5.05 
6 10.0 6.48 
1 10.5 5.95 
5 10.7 5.73 
4 11.3 6.3 5 
3 12.0 7.84 
15 13.0 6.96 
2 14.0 7.96 
17 14^0 8.07 
14 15.3 5.38 
11 16.5 8.14 
9 16.3 6.73 
16 18.5 6.88 
20 19.5 9.24 
18 20.0 9.27 
19 20.5 8.12 
8 25.0 9.24 
7 27.5 9.79 
10 31.5 10.07 
9.36 10.12 10.22 8.13 16.21 21.58 31.85 
9.96 10.89 11.48 9.14 15.86 20.71 29.68 
11.04 11.61 11.55 19.19 26.70 29.45 36.39 
9.99 10.27 10.67 11.19 19.13 22.62 33.91 
L0.05 10.52 11.40 12.08 17.78 24.12 33.32 
10.05 10.85 10.89 13.60 21.63 25.50 37.15 
10.36 10.29 1 0.2 0 23 . 7 1 26 . 93 2 9.2 7 3 5 . 55 
10.31 11.36 11.78 12.33 20.90 24.57 34.02 
L0 . 43 1 0 . 58 1 0.3 0 2 0.3 9 2 5.46 3 0.6 9 3 7.26 
9.78 10.11 10.01 16.09 23.47 28.81 37.27 
L0.71 10.99 11.23 10.72 18.24 23.02 32.29 
L0.42 10.47 11.13 20.03 24.31 28.47 38.06 
L0.68 10.57 11.63 15.13 23.18 26.95 35.87 
8.80 9.65 9.11 20.69 24.39 30.37 34.45 
L0.69 10.60 10.87 26.95 28.11 32.75 38.88 
9.96 10.4C 
10.02 10.34 
7.38 10.21 
11.39 21 .02 27 .11 30 .13 37 .98 
10.41 22 .38 26 .64 31 .00 36 .49 
10.21 28 .93 29 .40 33 .31 37 .70 
11.04 25 .01 27 .45 33 .19 38 .12 
11.23 27 .64 31 .15 33 .91 40 .27 
10.84 17 .66 23 .73 28 .02 35 .81 
Figure 10. Comparison between total dry matter yields in first 3 and 
total of 10 cuttings, average and range of 20 soils, as in­
fluenced by the rate of added P. 
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check pots after the 5th cropping. The P deficient plants showed a pur-
plish coloring of their blade tips, less vigor and reduced growth. 
P uptake by ryegrass plants over time at different levels of added P 
is illustrated in Figure 11. The average of the 20 soils and the range of 
values for the different soils are given for each cutting during the crop­
ping period. The shape of the curves indicate that the rate of P uptake 
decreased with time for all rates of added P. And the difference., between 
P uptake obtained from different soils was relatively narrower at the high­
est rate of added P as compared to that where no P was added, 
P uptake for each cutting as influenced by the rate of added P is 
shown in Figure 12. Since P uptake was calculated from the dry matter . 
yields and percentages P, the trend would be expected to follow these 
variables. Figure 12 indicates that the amount of P taken up by ryegrass 
plants decreased with increasing number of cuttings. The first cutting shows 
the highest P uptake, and as the number of cuttings increased the rate of P 
uptake decreased, with P uptake for the 10th cutting being the lowest. The 
change in shape of these curves were similar to that for the dry matter 
yields, first being concave downward, becoming linear, and then concave 
upward. Figure 13 shows the average total P uptake in 10 cuttings in rela­
tion to the amount of added P averaged over all soils and P uptake from 
Ida (no. 12) and Marshall (no, 10) soil samples which represent the range 
at any rate of added P. This figure shows that total P uptake by the rye­
grass was very nearly a linear function of the amount of P added within the 
range of rates of added P used in this study. 
The effect of time of cropping on the uptake of different amounts of 
added P is shown in Figure 14. The values given are the averages and 
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ranges of the 20 soils at the different cuttings. The shape of the curves 
indicates that in the first 3 cuttings the uptake of added P was almost a 
linear function of time, and thereafter, uptake of added P occurred at a 
decreasing rate. This decrease in the rate of uptake of added P took 
place faster where 25 ppm P was added than where 100 ppm P was applied. 
Uptake from the soils that received 50 ppm P was intermediate between that 
for 25 and 100 ppm of added P. Total uptake of added P (average of all 
soils) was consistently higher at any time of cropping where a higher rate 
of P was added than where a low rate was added. 
Uptake of added P by ryegrass for each cutting as influenced by the 
rate of added P is illustrated in Figure 15. This figure indicates that 
the uptake of added P is greatest in the first cutting and gradually de­
creased in subsequent cuttings. The shapes of the curves are essentially 
the same as those for P uptake against P added as shown in Figure 12. 
The relation between the cumulative uptake of added P in the different 
cuttings and the amount of P added is shown in Figures 16 and 17. Figure 
16 shows the cumulative uptake of added P by cuttings for Ida (no. 12), 
Marshall (no, 10) and the average of the 20 soils, whereas Figure 17 shows 
the average and range of total uptake of added P in 10 cuttings. In this 
study, Marshall (no. 10) and Ida (no. 12) soil samples represent the highest 
and the lowest P soil test values, respectively. From these figures, there 
is strong indication of an increase in the linearity of the response to 
increased rates of added P with increasing time of cropping. However, 
the wider range of total P uptake of added P at the higher rates of P 
additions, as shown in Figure 17, also indicates that soils with high P 
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soil test values would respond differently to additions of P than would 
soils with low P soil test values. This point is illustrated in Figure 16. 
For the Ida soil sample, the linear trend in response was obtained after 
the first 5 cuttings, which was comparable to that for the average of 20 
soils. For Marshall soil sample, however, more than 10 cuttings would be 
needed before the linearity of the response could be obtained over the en­
tire range of P additions. However, if we ignored the response due to the 
highest rate of added P (100 ppm) we would obtain this linear trend in re­
sponse by the time of the 4th cutting. 
Total uptake of added P for 10 cuttings from each soil is presented 
in Table 8, which shows that the uptake of added P is consistently in­
creased with the increasing rate of added P. 
Linear regression equations relating total P uptake for 10 cuttings 
as the dependent variable to the amount of P added as the independent 
variable are reported in Table 9. The b^ values which estimate P uptake 
as a proportion of the amount of P added indicate an average uptake of 47.4 
per cent, with all soils, except three, within i 5 of this average. These 
b]^ values indicate that about 55 per cent of the added P was taken up from 
the Webster (no, 14) and Moody (no. 5) soil samples, which were the highest, 
and about 40 per cent was taken up from the Belinda soil sample, which 
represented the lowest uptake of added P. 
Percentage uptake of added P in the 10 cuttings for each soil sample 
calculated for each level of added P is shown in Table 10, This table in­
dicates that there is a trend of decreasing percentage uptake of added P 
with increasing rate of added P, except for the Moody (no. 5) and the 
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Table 8. Total uptake of added P (mg P/pot) for 10 cuttings 
Soil Soil Initial P P added (ppm P) 
type sample soil test 25 50 100 
no. (pp2m) p uptake (mg P/pot) 
Ida 12 7.5 14.0 25.6 51.5 
Webster 13 9.8 15.7 27.6 54.3 
Edina 6 10.0 15.0 23.8 47.2 
Kenyon 1 10.5 14.5 24.7 49.5 
Moody 5 10.7 12.5 25.6 54.5 
Gal va 4 11.3 13 .3 25.8 48.4 
Gresco 3 12.0 14.7 24.6 44.8 
Kenyon 15 13.0 14.4 26.1 50.0 
Gresco 2 14.0 17.1 27.7 47.9 
Ida 17 14.0 13.7 25.0 47.4 
Webster 14 15.3 16.7 30.3 5 5 , 9  
Marshall 11 16.5 12.2 24.1 46.8 
Grundy 9 16.8 15.0 24.4 47.8 
Gresco 16 18.5 14.6 28.0 43.8 
Kenyon 20 19.5 12.7 23.2 45.8 
Galva 18 20.0 13 .9 28.5 49.5 
Moody 19 20.5 13.2 24.7 45.0 
Belinda 8 25.0 9.2 19.7 39.4 
Edina 7 27.5 11.9 24.3 45.8 
Marshall 10 31.5 12.4 26.4 44.2 
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Table 9. Relation between 
and P added (X = 
total P uptake for 10 cuttings 
0, 25, 50 and 100 ppm P) 
(Y = mg P/pot) 
Soil 
type 
Soil 
sample 
no. 
Initial P 
soil test 
Cppm) 
Regression equation 
. Y = bg + b^ X 
Coefficient of 
determination 
r2 
Ida 12 3.8 5.4 .511 .999** 
Webster 13 4.9 8.5 .518 .997** 
Edina 6 5.0 17.3 .462 .995** 
Ketiyon 1 5.2 11.1 .487 .998** 
Moody 5 5.4 10.5 .547 .999** 
Galva 4 5.7 12.7 .482 .998** 
Gresco 3 6.0 25.6 .438 .992** 
Kenyon 15 6.5 12.3 .495 .998** 
Gresco 2 7.0 22.8 .466 .985** 
Ida 17 7.0 17.2 .469 .998** 
Webster 14 7.7 10.2 .553 .996** 
Marshall 11 8.3 21.7 .467 .999** 
Grundy 9 8.4 16.5 .467 .995** 
Gresco 16 9.3 26.5 .43 9 .977** 
Kenyon 20 9.8 28.6 .454 .999** 
Galva 18 10.0 24.6 .490 ,992** 
Moody 19 10.3 23.6 .443 .996** 
Belinda 8 12.5 32.3 .3 96 .999** 
Ed ina 7 13.8 27.5 .458 .999** 
Marshall 10 15.8 36.4 .442 .989** 
Average .474 
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Table 10, Percentage uptake of added P 
Soil Soil Initial P P added (ppm) 
type sample soil test 25 50 100 Average 
no. Cpp2m) 
Ida 12 7.5 56.0 51.2 51,5 52.9 
Webster 13 9,8 62.8 55.2 54.3 59.1 
Edina 6 10.0 60.0 47.6 47.2 51.7 
Kenyon 1 10.5 58,0 49.4 49.5 52.3 
Moody 5 10.7 50.0 51.2 54.5 51.9 
Gal va 4 11.3 53.2 51.6 48.4 51.1 
Gresco 3 12.0 58.8 49.2 44.8 50.8 
Kenyon 15 13.0 57.6 52.2 50.0 53.3 
Gresco 2 14.0 68.4 55,4 47.9 57.2 
Ida 17 14.0 54.8 50.0 47.4 50,7 
Webster 14 15.3 66.8 60,6 55.9 61.1 
Marshall 11 16.5 48.8 48.2 46.8 47.9 
Grundy 9 16.8 60.0 48,8 47.8 52.2 
Gresco 16 18.5 58.4 56.0 43.8 52.7 
Kenyon 20 19.5 50.8 46,4 45.8 47,7 
Gal va 18 20.0 55.6 57,0 49.5 54.0 
Moody 19 20.5 52.8 49,4 45.0 49,1 
Belinda 8 25.0 36.8 39,4 39.4 38,5 
Edina 7 27.5 47.6 48,6 45.8 47,3 
Marshall 10 31.5 49.6 52,8 44.2 50,9 
Average 55.3 51,0 48,5 51,6 
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Belinda (no. 8) soil samples. This relationship is illustrated in Figure 
18 in which the average values of all soils are given for each cutting. 
Percentage uptake of the added P increased with successive cuttings and 
appears to be approaching a maximum for each level of added P by the 10th 
cutting. The decreasing percentage uptake of added P with increasing rate 
of added P would not appear to be eliminated by continued cropping. This 
apparent lower percentage recovery of P from the higher rates of added P 
could result from the method of calculating recovery of added P which was 
used here. If uptake of soil P decreased as the level of added P was in­
creased, which is very possible, the estimate of P uptake from the added P 
would be too low and would be progressively lower as the rate of added P 
increased. Therefore, it is possible that the relative proportions of the 
added P actually taken up by the plant were the same for all rates of added 
P and that the estimates for the lowest rate of added P are most near the 
true values. However, the average values of the different rates of added 
P for each soil probably represent the best estimates provided by this 
study. These values indicate relatively minor differences among the differ­
ent soils in the availability of added P. 
Relationship between Laboratory and 
Greenhouse Results 
In this section and the following discussion, the P soil test values 
as determined by Soil Testing Laboratory will be referred to as initial P 
soil tests, whereas the P soil test values obtained from the incubation ex­
periment under laboratory conditions (averaged over the 100 day incubation 
period as reported in Table 3) will be referred to as average P soil tests. 
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Figure 18, Effect of the rates of added P on the percentage uptake 
of added P with successive cuttings. 
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As mentioned previously, Table 7 indicates that dry matter yields 
from the check pots where no P was added, generally increased as the level 
of soil P increased. This relationship seems to be true for the total dry 
matter yields of the first 3 cuttings and for the total of 10 cuttings. 
However, for the total yields of the first 3 cuttings this relationship be^-
tween dry matter yields and initial P soil test values became very poor 
where 50 or 100 ppm P was added. For the dry matter yields of the total 
10 cuttings, however, the addition of P did not affect this relationship 
very much. To express this relationship between dry matter yields and ini­
tial P soil test quantitatively, calculations were made for the total 
yields from the check pots Cg/pots) as the dependent variable (Y) and ini­
tial P soil test values (pp2m P) as the independent variable (X). The 
linear regression equation is given by Y = 5,25 + 0.80 X (r^ = 0.621**). 
This relationship is shown in Figure 19, 
Figure 20 shows the relationship between the average percentage P in 
ryegrass plants in the first cutting as influenced by the amount of added 
P and the average P soil test. From the scatter diagram it seems that this 
relationship can be stated by one expression for all different levels of 
added P within the range under study. This relationship is given by this 
regression equation; 
Y = 0.04 + 0.01 X - 0,000098x2 (&%= 0.856**), 
Percentage P in ryegrass grown in Gresco and Edina soils were consistently 
higher and lower, respectively, as compared to the others at any rate of 
_ added P. Consequently, the values for these soils deviate from the fitted 
line; nevertheless about 86 per cent of the variation in percentage P can 
Figure 19. Relation between total dry matter yield in the check pots and initial P soil test. 
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Figure 20, Relation between percentage P in first cutting and average soil test P, as influenced 
by rate of added P. 
• 
.40 
o 
p .30^ 
H 
3 
O 
«I 
- .20 
UJ 
g  
z 
w 
o 
a: 
UJ Q. 
10 
A  
A A  
Y=0.04 + 0.0ix — 0.000098X' 
R =0.856 * ^  
_L 
0 10 15 20 25 30 35 40 45 
'AVERAGE' P SOIL TEST (ppm) 
50 55 60 65 
74 
be explained by this equation. The shape of the curve appears to reach a 
maximum value prior to the highest P soil test value obtained for this 18 
soils (Data for the Ida soil samples were not included in this regression 
equation since the added P influenced the soil test values for this soil 
differently than for all other soils). 
When total P uptake (mg P/pot) at different levels of added P was 
plotted against the initial P soil test values (pp2m P), Figure 21 was 
obtained. The regression equations for these relationships between total P 
uptake from 10 cuttings (Y) and initial P soil test values (X) for each 
level of added P are presented in the following tabulation; 
P added Regression equation Coefficient of deter-
(ppm) mination, r^ 
0 Y = -0.18 + 1.15 X 0.736** 
25 Y = 15.61 + 1.00 X 0.647** 
50 Y = 26.69 + 1.08 X 0.752** 
100 Y = 52.65 + 0.82 X 0.73 5** 
All relationships appear to be linear, but the slopes tend to decrease 
with increasing levels of added P. 
As was mentioned before, the average P soil test was obtained by aver­
aging the values obtained from samples taken at intervals during the 100 
day incubation period. This period of time is comparable to the time of 
growth of ryegrass in the greenhouse for the first 2 cuttings. For this 
reason, total P uptake for the first 2 cuttings at different levels of 
added P was chosen first as a dependent variable and the average P soil 
test values as an independent variabe. The relationship between these 
75 
80 
Y = 52.65 + 0.82 X 
r=0.735 
70 
Y = 26.69+1.08 X 
r=0.752 ^ ^  60 
50 
40 o> 
g 30 
20 
Y=-0.I8+-I.I5X 
r^=0.736** 
O 
20 25 30 
INITIAL P SOIL TEST { pp2m ) 
Figure 21. Relation between total P uptake for 10 cuttings and initial 
P soil test, as influenced by the rate of added P. 
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variables is shown in Figure 22 and is expressed by the quadratic equation 
Y = 0.54 + 0.87X - 0,0072x2 CR"^ = 0 . 93 9**). In this expression, the two 
Ida soil samples were not included since the added P influenced the soil 
test values for this soil differently than for all other soils. For the 
18 soils, the soil test P values provided a very good index of P uptake by 
the ryegrass plants in the greenhouse. Data for the total P uptake in 10 
cuttings at different levels of added P were also used to investigate the 
relationship between total P uptake and average P soil test. This is shown 
in Figure 23. The relationship obtained is very similar to that with P 
uptake for the first 2 cuttings. The regression equation is given by; 
Y = 5.49 + 1,62X - 0.0092X^ (5^ = 0.933**). In this expression, the two 
Ida soils were not included for the same reason as was mentioned above. 
It should be noted that the shape of the curve for the first 2 cut­
tings appears to reach a maximum prior to the highest soil test value ob­
tained in these 18 soils. For the total of 10 cuttings, however, the shape 
of the curve tends to increase continuously over the range of soil tests 
obtained in this study. 
Linear regression equations relating total P uptake for 10 cuttings and 
P added were reported in the previous section (Table 9). The bg values in 
these equations, as estimates of P uptake from the soils where no P was 
added, are highly correlated with the initial P soil test values as shown 
in Figure 24. The deviations from this relationship appear to decrease as 
the initial P soil test increased. To express this relationship, a re­
gression equation was calculated. The result is given by; Y = 0,93 + 1.15X 
(r^ = 0.718**). In this expression, the data from all 20 soils were included. 
Figure 22. Relation between total P uptake in the first 2 cuttings and average soil test P, 
as influenced by the rate of added P. 
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All relationships obtained between dry matter yields in the check 
pots, percentage P, or P uptake by ryegrass and P soil test values (initial 
and average P soil tests) are highly correlated. This indicates that soil 
test P as measured by the Bray no. 1 extractable phosphorus provided a 
good index of P availability to plants in these soils under study. The 
only exception to this was for the calcareous Ida soils where P was added. 
From the regression equations reported in Table 9, there is an indi­
cation that total P uptake is not only a function of the amount of P added 
and P soil test, but also that an interaction between these two factors 
might be involved. To investigate the magnitude of these factors, a mul­
tiple regression analysis was performed to include 3 independent variables, 
namely average soil test P CX]^), P added (]^) and an interaction factor, 
^2^2' The Doolittle method was employed in obtaining the regression 
equation and the result is given by; 
Y = 1.12 + 1.14 + 0.52 Xg - 0.(%5 X^Xg (R^ = 0.9.55**) 
where 
Y is the total P uptake (mg P/pot) for 10 cuttings 
X^ is the initial P soil test (pp2m) 
Xg is the P added (0, 25, 50, and 100 ppm P). 
Analysis of variance shows that the interaction term X^X^ is significant 
at the 20 per cent level, which indicates that this interaction factor did 
not contribute an important role in making up the equation. If this inter­
action term was not included in the regression equation, we would obtain 
Y = 3.18 + 1.01 X^ + 0.47 Xg (R^ = 0.954**) 
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which is a more appropriate equation as an index of P availability in 
this study. 
Calculation of standard partial regression coefficients from the 
above equation indicates that b^/b^ =2.7 which means that X2 (P added) 
is almost 3 times as useful as (P soil test) in estimating Y (P up­
take) in this study. 
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GENERAL DISCUSSION 
Results of the greenhouse study indicated that about 50 per cent of 
the added P was recovered in the harvested, above-ground parts of the rye­
grass. There was no large difference between soils in the total amount of 
added P recovered in the grass. Recovery of added P from any one soil was 
within i 8 per cent of the average of 47 per cent. The Belinda and Webster 
soil sample showed the lowest (40 per cent) and highest (55 per cent) re­
covery, respectively. Dry matter yields of ryegrass grown on Belinda soil 
sample were higher than the average at the zero level of added P but not at 
higher levels of added P so calculated recovery of added P was low, where­
as yields of the Pg pots of the Webster soil were relatively low resulting 
in a higher calculated recovery for Webster soil. 
There was no apparent effect of soil pH, CaCOg content, level of soil 
P, organic matter, or clay content on the total recovery of added P. Up­
take of added P by ryegrass grown on calcareous Ida soil samples, which con­
tained greater than 6 per cent CaCOg was similar to that of the ryegrass 
grown on soils that contained no CaCO^. Percentage recovery of added P de­
creased as the rate of added P was increased, and increased as the number 
of cuttings increased. Recovery of added P in the first harvest did vary 
among the different soils. These early differences in recovery were associ­
ated to some extent with soil type but this association was not consistent. 
Uptake of P by ryegrass during the greenhouse cropping period reduced 
the P soil tests to very low levels (but not zero) in all soils. It appears 
that the level of P measured by the soil test can be reduced to a minimal 
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level which was not readily reducedly continued cropping, but which may be 
different for different soils. 
In this discussion it is worthwhile to recognize some factors that 
would affect the results obtained in studies of this type. For example, 
it is generally recognized that effectiveness of different forms of added 
P would be related to their relative water solubility and the method of 
adding the P fertilizer to the soil. The addition of different ions into 
the test soils will likely affect the results for the element under investi­
gation due to the reactions with these added ions that would take place in 
the soil. 
In the case of P, it has been recognized that the addition of soluble 
salts will influence the solubility of P and hence the availability of P 
to the plants being grown. Kittrick and Jackson (1955) demonstrated the 
principle of common ion on the solubility of added P. Addition of goethite 
to iron phosphate suspension lowered the P concentration. This was due to 
the increase in iron concentration, and since the solubility product of 
iron-phosphate remained constant the P concentration should become lower as 
iron concentration increased. Similar results were obtained when kaolinite 
was added to an aluminum phosphate suspension, Lewis et £l. (1952) re­
ported that calcium salts which have a common ion with added phosphatic 
fertilizer caused a lower recovery of P from the fertilizer. They also re­
ported that the effect of adding sulfate ion was not consistent. In the 
presence of Ca**, this added 80^" gave the greatest availability of soil P, 
whereas in the presence of Na"*" it gave the lowest available P as measured 
by a CO2 extraction method. Starostka and Hill (1955) determined the effect 
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of soluble salts on the solubility of dicalcium phosphate. Alfalfa was 
used as a test crop, and P was also determined by the 0,05 M NaHGOg method 
of Olsen (1954). They found that ammonium sulfate gave the greatest re­
sponse in the greenhouse, whereas calcium nitrate gave a negative crop 
response. The yield from the addition of dicalcium phosphate was used as 
standard. 
Taylor and Gurney (1965) studied the effect of additions of KGl, 
NH^NO^ and K2S0^ on the dissolution of mono-calcium phosphate. They found 
that addition of KGl and of NH^N03 resulted in the formation of dicalcium 
phosphate 16 hours and 8 hours, respectively, after the salt was added. 
Addition of K2S0ij. resulted in the formation of if the ratio of K2SO/J. 
to monocalcium phosphate was 2 to 1 or more. 
Grunes (1959) published a review of the literature on the effect of 
nitrogen on the availability of soil and fertilizer phosphorus to plants 
considering both the biological and the chemical effects. Biological ef­
fects such as increased root growth, root efficiency in ion uptake, and 
the effect on plant metabolism were discussed. Chemical effects included 
salt and pH effects. In general additions of N increased total P uptake 
by plants. 
Addition of lime to acid soils generally increases plant yield when 
other nutrient elements are present in adequate amounts. Besides its in­
direct effect in maintaining favorable pH, structure etc., the desirable 
effect of lime is in dissolving phosphate that was fixed by iron hydroxide 
thus making it available for plant growth (Truog, 1953). 
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In this greenhouse study most of these effects of added salt should 
have been eliminated since nothing except the calcium dihydrogen phosphate 
and water was added to the soil. K, and probably S0^~, from the salts 
added to the sand layer below the soil did enter the soil samples, es­
pecially where no P or low rates of P were added. However there is very 
little indication that this influenced the comparisons that were made. 
Another factor that should be taken into consideration is the kind of 
plants being grown. The ability of plant roots to extract P from the soil 
will depend on the rooting habit of the plant. For example, in the field, 
plants such as alfalfa, which are deep-rooted, may be expected to absorb 
soil P from a greater depth and volume than do grass plants, which have a 
shallow root system. 
Results obtained by different investigators showed that time of addi­
tion of P prior to cropping influenced the effectiveness of added P. 
Scarseth (1932) mixed different rates of superphosphate into the soil at 
180, 90, 30 days prior to planting and at planting time of soybeans, which 
were then harvested 48 days later. Additional KGl and were also 
added and mixed with the soil. He reported that application of 250 lbs 
of superphosphate per acre at the time of planting was as effective as 
1000 lbs per acre applied 180 days prior to planting. Similar results were 
also reported by Thorne (1941). He found that the addition of superphos­
phate at the time of planting gave more crop response than did the addition 
of the same amount of P three months prior to planting. He used tomato 
plants as an indicator crop and grew the plants on different surface soils 
and subsoils for 3 weeks before they were harvested. In his study he also 
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extracted the soils with 0.002 M2SO4 using a 1:200 soil to solution ratio. 
He obtained a poor relationship between the laboratory and greenhouse re­
sults, but concluded that the effectiveness of the added P was different 
for the different soils. 
Results of the incubation experiment in the laboratory in this study 
showed that recovery of added P, as measured by the Bray no. 1 extractable 
P method with a 1 to 10 soil to solution ratio, was very similar for all ' 
soils except the two calcareous Ida soil samples. Recovery of the added P 
from the two Ida soils was consistently less than 10 per cent where up to 
100 ppm P was added. Application of high rates of added P to these Ida 
soils resulted in only small increases in percentage recovery of the added 
P. Smith (1956) had shown marked increases in percentage recovery of added 
P by the Bray test where higher rates of fertilizer P had been applied on 
a calcareous Ida soil. 
It is interesting to note that while chemical extraction of P from 
the Ida soil samples showed very low recovery of added P at all levels of 
added P, the uptake of added P by ryegrass grown on these soils in the 
greenhouse experiment was similar to the uptake of added P from all of the 
other soils. Consequently the relationship between the P soil test values 
and P uptake by the ryegrass for the Ida soils was very different from 
that obtained for the other soils. 
The low recovery of added P in the chemical extract from these Ida 
soils might be expected to be related to the fact that these soils contained 
GaCOg. However, one Webster soil also contained GaCO^ and recovery of added 
P in the chemical extract from this Webster soil was similar to that for 
the soils that contained no GaGOg, 
In connection with this problem, the work of Smith et ad. (1957) in 
Kansas and of Blanchar and Caldwell (1964) in Minnesota should be noted. 
By increasing the soil to solution ratio to 1:50 they obtained a much 
higher correlation between Bray no, 1 extractable P and crop response to 
added P on calcareous soils. Since in this study, although both of the Ida 
soils and the one Webster soil contained GaCOg, the amount of GaCOg was 
very different in the Webster soil and the Ida soils, 1.3 and about 6.5 per 
cent, respectively, it is possible that the amount of CaCOg present in the 
soil in relation to the amount of HGl in the extracting solution was the 
important consideration. With a 1;10 soil to solution ratio there was suf­
ficient HGl in the extractant to neutralize all of the GaGO^ in the Webster 
soil but not in the Ida soils. When a 1;60 soil to solution ratio was used 
to extract the Ida soils there was enough HGl in the extractant to neutralize 
all of the GaGO^ in the Ida soils, and, with this extraction, recovery of 
the added P from the Ida soils was comparable to that from the other soils. 
However, with this extraction there was also an increase in the amount of 
P extracted from the Ida soils to which no P had been added. 
Additional investigation of this problem with calcareous soils is 
needed but such studies were beyond the scope of this investigation. It 
should be determined whether sufficient HGl should be added to neutralize 
all of the GaGO^ present in the soil samples as could be inferred from the 
results obtained here, and, if so, whether this is best accomplished by 
increasing the soil to solution ratio and keeping the HGl concentration 
constant or by maintaining the soil to solution ratio at 1 to 10 and in­
creasing the amount of acid possibly by titrating to a certain pH in the 
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extract. Studies should also be made to determine the effect of maintain­
ing a constant ratio of soil to in the extractant by decreasing the 
NH4F concentration in the extractant as the soil to solution ratio is in­
creased to provide more HCl per gram of soil at a constant HGl concentra­
tion in the extractant. The increased extraction of P from the check of 
Ida soil samples with increased soil to solution ratio might be due to a 
greater soil to NH^F ratio. 
There is some indication that the effect of time of incubation on the 
recovery of added P in the chemical extraction from the different soils 
possibly involved a rate of reaction process. In the first 5 days the re­
covery of added P decreased so rapidly that most of the soils showed less 
than 50 per cent recovery in the extract. As time increased the recovery 
of added P decreased slowly but continuously. When the actual rapid drop 
of recovery occurred within this first 5 days period, would not alter 
markedly the relationship that was obtained in this study. The results in­
dicate that in the early stage during the cropping period, a relatively 
big drop in the amount of extractable phosphorus took place in the test 
soils on which plants were grown and the level of available P was no longer 
the same as at the beginning of the greenhouse experiment. 
Results obtained from laboratory and greenhouse studies showed that 
soils which gave different results in the laboratory were not the same as 
the soils which were different in the greenhouse. For example, in the 
laboratory study recovery of added P was lowest from the Ida soil samples 
and highest from the Webster soil samples. The greenhouse results, however, 
showed that P uptake from Ida soil samples was comparable to that of the 
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Webster soil samples, whereas P uptake from the Belinda soil was lowest. 
Results of the laboratory and greenhouse data showed a high correla­
tion between dry matter yield, percentage P in the first cutting, or P 
uptake by ryegrass grown in the greenhouse and the soil test P values as 
measured by the Bray no. 1 extractable P. Relationships between dry mat­
ter yields from the check pots where no P was added or total P uptake in 10 
cuttings for different levels of added P and initial P soil test appeared 
to be linear, whereas the relationships between percentage P, P uptake for 
the first 2 cuttings or total P uptake in 10 cuttings and average P soil 
test values were curvilinear. The shape of the curves relating P per­
centage in the ryegrass plants or P uptake in the first 2 cuttings with 
P average soil test indicated that a maximum was reached in the range of 
the rates of added P under study, whereas the shape of the curve relating 
total P uptake in 10 cuttings and average P soil test values continued to 
increase up to the highest soil test values obtained from these soils. 
Dry matter yield, percentage P, and P uptake by ryegrass were curvilinearly 
related to soil test P as measured by the Bray no. 1 extraction method in 
the data reported by Ozus (1964). 
All the relationships obtained in this study indicated that soil test 
P as measured by the Bray no. 1 extractable P provide an excellent index 
of availability of added P in all of these soils except the Ida soils. 
Some possible problems in the greenhouse technique should also be 
noted. It was not anticipated that addition of K through the tubing into 
the sand layer below the soil would cause accumulation of K in soils where 
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low rates or no P was added and especially in soils with very low P soil 
tests. This accumulation of K was related to the low uptake of K by rye­
grass due to inadequate P for normal growth. How this K moved from the 
sand layer into the test soil was not determined. It may have moved by a 
diffusion process from the sand into the soil layer or by being taken up 
from the sand layer by the plant roots and lost into the soil, or by both 
processes. It should be noted here, that in this study the soil samples 
after cropping were obtained by slicing the soil layer with a big kitchen 
knife next to the sand layers on both sides, removing all the roots that 
had accumulated on the top of the soil layer, and the samples were then 
mixed thoroughly. Thus the soil analyses values obtained would represent 
the average values from the whole layer of test soil. If the slicing of 
the test soil was layer-wise horizontally, it would be possible to obtain 
some indication as to whether diffusion of K had really taken place. If 
this were true, we would expect that exchangeable K values in the bottom 
layer of the test soil would be higher than that of the top part. In this 
connection, there is also the possibility of an accumulation of sulfate 
ions and other ions that might influence the results. To eliminate this 
effect it would be necessary to separate the soil layer from the sand or 
solution below so that diffusion of undesirable ions could be avoided. 
But, if these ions were taken up by plant roots and lost in the soil, 
this preventive measure might not work successfully. 
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SUMMARY AND CONCLUSIONS 
The purpose of this study was to determine the availability of added 
P as measured by a chemical test in the laboratory and by crop response 
in the greenhouse. Emphasis was also placed on the relationship between 
the soil test P results as measured by the Bray no. 1 extractable P and 
P uptake by ryegrass plants. 
TtTfenty soil samples representing a wide range in chemical and physi­
cal properties found in ten of the principal soil associations in Iowa were 
included in this study. The initial P soil test was related to the pre­
vious plot treatment in the field from which the sample was obtained, but 
was not associated with other soil characteristics determined in this 
study. Ryegrass was used as the test crop in the greenhouse, and 10 cut­
tings were obtained during a 400 day cropping period. The effect of time 
of incubation after P addition on chemically extractable P was conducted 
under laboratory conditions. 
Results of the incubation experiment, indicated that about 41 to 48 
per cent of the added P was recovered in the extract of the Bray no. 1 
soil test after 100 days incubation period from the group of Kenyon, 
Cresco, Galva, Moody, Edina, Belinda and Grundy soils, and 52 to 56 per 
cent of the added P was recovered from the Marshall and Webster soils. 
Less than 10 per cent was recovered from two Ida soil samples. The dif­
ference between the first and second group did not appear to be related 
to any of the soil characteristics determined in this study. Whereas 
the very low recovery from the two Ida soils appeared to be related to 
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the high content of GaCO^ in those soil samples. 
For all soils in the laboratory, percentage recovery of added P in­
creased as the rates of added P increased and decreased with time of in­
cubation, In the case of two Ida soils, increasing the ratio of soil to 
solution in the Bray no. 1 extractant from 1:10 to 1:60 increased the per­
centage recovery of added P to a level comparable to that for the other 
soils, but the soil test value for the check was also increased. 
Results of the analyses of the soils after cropping indicated that 
the soil test P had decreased in all soils to a very low level for all rates 
of added P. Soil pH did not change appreciably, but exchangeable K was 
increased markedly in the soils where no P was added and which had a low 
initial P soil test value. This accumulation of K appeared to be related 
to the low uptake of K by ryegrass due to an insufficient supply of soil P 
for normal plant growth. 
Yields of dry matter and of P in the ryegrass grown in the greenhouse 
increased as the rate of added P increased. These yields increased at a 
decreasing rate in the first cuttings, became linear in subsequent cuttings, 
and then increased at an increasing rate in the later cuttings as the 
amount of added P increased. The total yield for 10 cuttings from most of 
the soils was essentially a linear function of the amount of P added. At 
the highest level of added P, the ryegrass yields for the first cuttings 
were essentially the same for all soils, but were directly related to the 
initial level of soil test P in later cuttings. 
Percentage P in the plant materials decreased as the rate of added P 
decreased and as the number of cuttings decreased. By the conclusion of 
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the cropping period, the percentage P in the plant materials was very low 
for all levels of added P. 
Uptake of added P, as calculated by the difference between the amount 
of P at any rate of added P and that of the check, was consistently higher 
at any time of cropping where a higher rate of P was added. In soils with 
low soil test P, linearity of response to added P was achieved faster than 
for soils with high initial P soil test levels. For one Marshall soil 
sample more than 10 cuttings would have been needed to obtain this linear 
trend, whereas for one Ida soil sample 5 cuttings were sufficient to show 
this result. 
In general, the uptake of added P by ryegrass showed no large differ­
ences between soils. About 50 per cent of added P was recovered from most 
soil samples. Recovery of about 40 per cent from a Belinda soil was the 
lowest and recovery of about 56 per cent from a Webster soil was the high­
est. Differences in uptake of added P by ryegrass from the different soils 
was not related to any of the soil characteristics measured. 
Results of the calculated percentages of uptake of added P showed 
that there was a decreasing trend for all soils as the rate of added P 
increased, except for Moody and Belinda soil samples. Percentage uptake 
of added P increased with successive cuttings and a maximum was almost 
achieved by the 10th cutting for each level of added P. 
Results from the laboratory and greenhouse indicated that a high cor­
relation was obtained between dry matter yield, percentage P or P uptake 
by ryegrass and the soil test P values as measured by the Bray no. 1 ex-
tractable P. The relations between dry matter yield in the check pots or 
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total P uptake in 10 cuttings for each level of added P and the initial 
P soil test were linear, whereas the relation between percentage P or P 
uptake in either the first 2 cuttings or the total of 10 cuttings and the 
average P soil test was curvilinear. All these relationships indicated that 
the soil test P values as measuredty the Bray no, 1 extractable P provided 
a good index of the availability of the added P to plants, except that 
the soil test at the soil to solution ratio used did not provide a good 
index of the availability of added P in the highly calcareous Ida soils. 
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Table 11. Results of the soil analyses, arranged by increasing soil 
test phosphorus 
Soil 
type 
Sample 
no. 
Initial P 
soil test 
(pp2m) 
Soil 
pH 
Exch.K 
Cpp2m) 
o
 
o
 
Glay Silt 
<2M 2.5Qal 
(%) (%) 
Sand 
>50* 
(%) 
GaGOg 
equivalent 
(%) 
Ida 12 7.5 7.9 253 .93 13.6 78.6 7.8 6.56 
Webster 13 9.8 8.1 74 3.20 31.7 39.2 29.1 1.27 
Edina 6 10.0 6.0 136 1.67 23.5 74.5 2.0 .04 
Kenyon 1 10.5 5.8 139 2.61 24.9 51.3 23.7 .02 
Moody 5 10.7 6.5 233 2.20 29.4 64.6 6.0 .02 
Gal va 4 ' 11.3 6.3 140 2.78 35.8 60.7 3.5 .02 
Gresco 3 12.0 6.6 93 2.97 25.6 48.5 25.9 .03 
Kenyon 15 13.0 5.3 210 2.45 23 .3 51.1 25.6 .03 
Gresco 2 14.0 6.3 114 2.57 25.4 46.9 27.7 .02 
Ida 17 14.0 8.0 281 .85 13.8 79.0 7.2 6.82 
Webster 14 15.3 7.1 123 3.64 33.3 42.9 23.8 .05 
Marshall 11 16.5 5.4 242 1.74 33.2 64.2 2.6 .02 
Grundy 9 16.8 5.6 247 2.12 29.1 66.6 4.3 .04 
Gresco 16 18.5 6.2 157 2.71 23.2 43.0 33.8 .03 
Kenyon 20 19.5 6.9 85 2.40 25.8 53.6 20.6 .04 
Gal va 18 20.0 6.7 202 2.70 34.8 61.4 3.8 .03 
Moody 19 20.5 7.0 221 1.90 31.8 63.4 4.8 .06 
Belinda 8 25.0 6.5 114. 1.37 17.6 76.9 5.5 .03 
Edina 7 27.5 5.2 120 1.69 23.4 74.3 1.8 .02 
Marshall 10 31.5 6.2 344 1.54 34.0 63.2 2.8 .02 
Table 12. P soil tests (ppm) as measured by the Bray no. 1 extractable phosphorus, at different 
times of sampling as influenced by additions of P 
Soil Sample Pp = check Pi = 25 ppm P 
type no. Time of sampling (days) Time of sampling (days) 
c 10 15 20 30 50 100 5 10 15 20 30 50 100 
Kenyon 1 6. .2 5. ,1 5. ,3 6.  5 5, ,9 5, ,5 5 .5 15 .6 14 .0 14. ,4 15. ,4 13. ,8 12. ,6 12. .6 
15 7.0 6. 7 6. .2 6. ,7 5. ,4 5. 1 7 .1 18 .4 18 .2 15. ,4 16. ,0 15, .8 15. .6 15. ,0 
20 9. 8 10. ,1 10, .8 10. .6 9, .6 11. 2 11 .4 20 .6 20 .4 19. 4 19, ,8 18, ,8 19. 4 19, .4 
Gresco 2 9. 9 9. ,6 9. ,3 10. .2 9. ,4 9. ,2 9 .9 18 .4 19 .4 19. 0 19, .2 17. 8 16, ,2 17, ,6 
3 8, .3 6. ,5 7. 7 8. 4 5. 9 8, .0 7 .9 16 .8 15 .0 16. 0 15, .6 15. 4 14. 0 14. 2 
16 9. 7 10. .1 9. 8 10, ,2 10, .6 10. 8 > 10 .8 19 .4 18 .6 20, .2 19. .6 20. 2 20, .8 19, .6 
Gal va 4 6. 1 4, .9 5, .1 5, .4 5. 6 5. 2 5 .3 14 .8 13 .4 12. 8 12. 6 12. 8 11, .8 11, .2 
18 11. 6 10. ,6 12, .6 11. 8 13 , .3 11. 8 12 .3 21 .0 20 .8 19. ,6 20. .2 20, .8 20, .4 18. 6 
Moody 5 5. 9 5. ,1 5, .3 5, .4 4. 8 5. 1 5 .8 16 .0 13 .4 15. 4 13. 4 13, .6 12. 0 12, .8 
19 13 , .5 11. 1 12, .1 10, .1 12, .1 13, .2 11 .2 20 .8 20 .8 20, .2 20, .4 20, .6 19, .4 19, .8 
Edina 6 5. 1 4. 8 4, .7 5, .5 4. 2 4, .2 5 .0 18 .2 13 .4 13, .6 14, .0 11, .8 12, .5 12, .6 
7 13. 8 14. 9 15, .0 15, .4 13, .6 14, .5 14 .7 27 .6 26 .6 27, .6 28, .4 22, .8 25, .0 25, .0 
Belinda 8 12. 2 13. 0 11, .7 12, .7 10, .9 12, .2 12 .3 23 .2 22 .2 22, .0 22, .8 20.2 21, .6 20, .4 
Grundy 9 7, .5 7, .8 6, .8 7, .5 6, .7 7, .3 8 .0 17 .2 16 .8 16, .0 15, .0 13, .8 13, .4 14, .4 
Marshall 10 17, .9 18. 2 18, .2 18, .5 17, .2 17, .5 16 .8 30 .6 30 .2 27, .8 28, .2 27, .2 26, .8 26, .8 
11 12, .1 12, .6 13, .4 12 .2 11, .2 12, .2 12 .0 24 .0 25 .4 26, .6 25, .8 21 .0 22, .0 22, .6 
Webster 13 4, .7 4. .0  4, 0 4, .8 4, .5 5, .0 5 .0 17 .8 16 .8 17, .4 18, .0 15, .6 17, .0 16, .2 
14 5, .7 4, .9 5, 4 6, .1 5, .1 5 .6 5 .9 19 .6 18 .8 18, .2 20, .6 16, .6 18, .8 18, .0 
Table 12. (Continued) 
Soil 
type 
Sample 
no. 
Pq = check = 25 ppm P 
Time of sampling (days) Time of sampling (days) 
5 10 15 20 30 50 100 5 10 15 20 30 50 100 
Ida 12 2.0 
17 2.6 
1.9 
3.1 
1.9 
3.1 
1.0 
2.8 
1.0 
2.8 
1.4 
1.8 
2.3 
4.1 
2.9 
4.6 
1.5 
4.1 
1.0 
4.2 
3.5 
7.2 
2.0 
5.1 
2.5 
2.8 
4.0 
4.7 
Av. of 18 soils (excluding Ida) 
9.3 8.8 9.0 9.3 8.7 9.2 9.3 20,0 19.1 18.9 19.2 17.7 17.7 17.6 
P2 = 50 ppm P P3 = 100 ppm P 
1 
15 
20 
2 
3 
16 
4 
18 
5 
19 
6 
7 
8 
9 
10 
11 
13 
14 
12 
17 
30.0 26.6 26.0 
32.5 30.4 29.4 
33.0 32.2 32.0 
32.0 27.8 29.0 
30.5 25.8 25.4 
28.5 31.6 30.2 
25.5 24.6 24.4 
32.5 33.0 32.8 
30.5 28.4 27.0 
36.0 33.6 30.8 
29.5 28.8 25.2 
41.0 42.4 27.6 
37.5 34.8 34.0 
26.5 26.8 25.4 
45.5 48.4 40.4 
40.0 36.8 36.2 
34.0 31.2 33.6 
36.0 33.4 34.6 
4.0 4.6 1.7 
10.6 7.8 7.1 
28.2 23.6 
29.0 26.4 
31.6 30.4 
31.0 28.0 
.26,6 25.2 
25.6 28.8 
23.0 23,4 
33.0 32.0 
26.8 27.6 
32.6 34.2 
26.0 20.4 
40.0 37.0 
33 .4 28.3 
25.0 24.2 
40.6 40.0 
36.8 34.0 
33.4 30.0 
33.2 31.4 
1.8 1.9 
12 .1  2 .8  
24.0 
27.0 
32.4 
29.2 
23.4 
29.4 
21 .0  
32.8 
2 2 . 6  
33.8 
22 .0  
38.8 
3d.6 
24.4 
38.2 
33.8 
30.4 
33.8 
2.1 
2.4 
21.6 
17.6 
30.0 
2 6 . 2  
22,6 
29.2 
21.0 
29.8 
21.4 
30,2 
21.6 
28.8 
30.6 
27.0 
40.0 
33.4 
29.2 
31.8 
3.3 
4.7 
53.0 
58.0 
56.0 
64.0 
63 .0 
54.0 
56.0 
60:0 
60.0 
62.0 
52.0 
42.4 
62,0 
58,0 
76.0 
65.0 
65.0 
62.0 
3.5 
6.2  
60.0 
62.5 
55.5 
54.0 
44.5 
55.5 
50.0 
55.5 
52.5 
60.5 
55.5 
69.5 
58.0 
56.5 
78.5 
66.5 
56.5 
63.5 
6.7 
8,5 
51.5 
60,5 
46.0 
60.5 
46.5 
42.0 
46.0 
44.0 
51.0 
45.2 
60.0 
65.0 
57.0 
46.0 
67.5 
69.5 
59.0 
67.0 
2 . 6  
17.9 
Av. of 18 soils ex-
eluding Ida) 33.4 32.0 30.2 
53.0 
59.0 
58.0 
56.5 
54.0 
54.0 
52.5 
53.0 
56.5 
60.0 
50.0 
67.0 
58.5 
52.5 
65.0 
78.0 
60.5 
69.0 
3,6 
10.1 
47.5 
40.8 
53.0 
56.5 
47.0 
55.5 
48.5 
57.0 
46.0 
62.5 
45.5 
64.0 
53.0 
46.0 
63.0 
46.8 
42.0 
46.0 
2.7 
6.7 
46.0 
54.0 
55.5 
51.0 
43.5 
52.5 
43.5 
52.5 
48.5 
60.5 
46.0 
63.0 
54.0 
42.5 
67.5 
61.5 
56.5 
61 .0  
4.5 
3.7 
39.0 
46.0 
50.0 
44.0 
39.0 
49.5 
37.5 
46.0 
44.0 
53.0 
43.0 
63.5 
51.0 
43.5 
64.0 
60.0 
53.0 
60.0 
4.0 
4.2 
30.8 29.1 29.3 27.3 59.4 58.6 54.7 58.7 51.1 53.3 49.2 
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Table 13. Average P soil tests as influenced by P additions and recovery 
of added P Cppm P) as measured by the Bray no. 1 extractable 
phosphorus, in groups of 14 and 4 soils 
P added Time of incubation (days) 
Cppm) 5 10 15 20 30 50 100 
P soil test, average of 14 soils& 
0 9.0 8.6 8.7 8.7 8.5 8.9 9.1 
25 19.1 18.1 18.0 18.0 17.0 16.8 16.7 
50 31.8 30.5 28.5 29.4 27.8 27.9 25.5 
100 57.2 56.4 51.5 56.0 51.6 50.8 46.3 
P soil test. average of 4 soils^ 
0 10.1 10.1 10.2 10.4 9.2 10.1 10.0 
25 23.0 22.8 22.2 23.1 20.1 21.1 20.9 
50 38.8 37.4 36.2 35.7 33.8 34.0 33.6 
100 67.0 66.2 65.7 68.1 59.4 61.6 59.2 
Increase over check, average of 14 soils 
25 10.1 9.5 9.3 9.3 8.5 7.9 7.6 
50 22.8 21 ; 9 19.8 20.7 19.3 19.0 16.4 
100 48.2 47.8 42.8 47.3 43.1 41.9 37.2 
Increase over check, average of 4 soils 
25 12.9 12.8 12.0 12.7 10.9 11.0 10.9 
50 28.7 27.4 26.0 25.3 24.6 23,9 23.6 
100 56.9 56.2 55.5 57.7 50.2 51.5 49.2 
^Kenyon, Cresco, Galva, Moody, Edina, Belinda and Grundy series. 
^Marshall and Webster series. 
Table 14. Percentage recovery of added P in 18 soils as measured by the 
Bray no. 1 extractable phosphorus 
Soil 
P added Soil sample Time of incubation (days) 
Cppm) type no. 5 10 15 20 30 50 100 
25 Kenyon 1 37.6 35.6 36.4 35.6 31.6 28.4 28.4 
15 45.6 46.0 36.8 37.2 41.6 38.0 37.6 
20 43.2 41.2 34.4 36.8 36.8 32.8 32.0 
Gresco 2 34.0 39.2 38.8 - - 36.0 33.6 28.0 30.8 
3 34.0 34.0 33.2 28.8 34.0 24.0 25.2 
.16 38.8 34.0 41.6 37.6 38.4 40.0 35.2 
Galva 4 34.8 34.0 30.8 28.8 28.8 26.4 23.6 
18 37.6 40.8 28.0 33.6 30.0 34.4 25.2 
Moody 5 40.4 33.2 40.4 32.0 35.2 27.6 28.0 
19 29.2 38.8 32.4 41.2 34.0 24.8 34.4 
Edina 6 52.4 34.4 35.6 34.0 30.4 33.2 30.4 
7 55.2 45.8 50.4 52.0 36.8 42.0 41.2 
Belinda 8 44.0 36.8 41.2 40.4 37.2 37.6 32.4 
Grundy 9 38.0 36.0 36.8 30.0 28.4 24.4 25.6 
Average 40.4 37.9 36.9 35.9 34.1 31.5 30.3 
Marshall 10 50.8 48.0 38.4 38.8 40.0 37.2 40.0 
11 47.6 51.2 52.8 54.4 39.2 39.2 42.4 
Webster 13 52.4 51.2 53.6 52.8 44.4 48.0 44.8 
14 55.6 55.6 51.2 58.0 46.0 52.8 48.4 
Average 51.6 51.5 49.0 51.0 42.4 44.3 43.9 
50 Kenyon 1 47.6 43.0 41.4 43.4 35.4 37.0 32.2 
15 51.0 47.4 46.4 44.6 42.0 41.8 21.0 
20 44.4 44.2 42.4 42.0 41.6 42.4 37.2 
Gresco 2 44.2 36.4 39.4 41.6 37.2 40.0 32.6 
3 44.4 38.6 35.4 36.4 36.4 30.8 29.4 
16 37.6 43.0 40.8 30.8 36.4 37.2 36.8 
Galva 4 38.8 39.4 38.6 35.2 35.6 31.6 31.4 
18 41.8 44.8 40.4 42.4 37.4 42.0 35.0 
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Table 14. (Continued) 
P added Soil 
Soil 
sample Time of incubation (days) 
(ppm) type no. 5 10 15 20 30 50 100 
50 Moody 5 
19 
49.2 
45.0 
46.6 
45.0 
43.4 
37.4 
42.8 
45.0 
45.6 
44.2 
35.0 
41.2 
31.2 
38.0 
Edina 6 
7 
48.8 
54.4 
48.0 
55.0 
41.0 
25.2 
41.0 
49.2 
32.4 
46.8 
35.6 
48.6 
33.2 
28.2 
Belinda 8 50.6 43.6 44.6 41.4 35.8 36.8 36.6 
Grundy 9 38.0 38.0 37.2 35.0 35.0 34.2 38.0 
Average 45.4 43.8 3 9.5 40.8 38.7 38.2 32.9 
Marshall 10 55.2 60.4 44.4 44.2 45.6 41.4 46.2 
11 55.8 48.4 45.6 49.2 45.6 43.2 42.8 
Webster 13 58.6 54.4 59.2 57.2 51.0 50.8 48.4 
14 60.6 57.0 58.4 54.2 52.6 56.4 51.8 
Average 57.6 55.1 51.9 51.2 48.7 48.0 47.3 
Kenyon 1 46.8 54.9 46.2 46.5 51.6 40.5 33.5 
15 51.0 55.8 59.3 52.3 35.4 47.9 38.9 
20 46.2 45.4 35.2 47.4 43.4 44.3 38.6 
Cresco 2 54.1 44.4 51.2 46.3 47.1 41.8 34.1 
3 59.7 38.0 38.8 45.6 40.1 35.5 31.1 
16 44.3 45.4 32.2 43.8 44.9 41.7 38.7 
Gal va 4 49.9 45.1 40.9 47.1 42.9 38.3 32.2 
18 48.4 44.9 31.4 41.2 43.7 40.7 33.7 
Moody 5 59.1 47.4 45.7 51.1 41.2 43.4 38.2 
19 48.5 49.4 33.1 49.9 50.4 47.8 41.8 
Edina 6 46.9 50.7 55.3 44.5 41.3 41.8 38.0 
7 28.6 59.6 50.0 51.6 50.4 48.5 48.8 
Belinda 8 49.8 45.0 45.3 45.8 42.1 41.8 38.7 
Grundy 9 50.5 48.7 39.2 45.0 3 9.3 35.2 35.5 
Average 48.1 47.8 42.8 47.0 43.1 42.1 37.3 
Marshall 10 58.1 60.3 49.3 46.5 45.8 50.0 47.2 
11 52.9 53.9 56.1 65.8 35.6 49.3 48.0 
Webster 13 60.3 52.5 55.0 55.7 37.5 51.5 48.0 
14 56.3 58.6 61.6 62.9 40.9 55.4 59.1 
Average 56.9 56.3 55.5 57.7 47.5 51.6 49.3 
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Table 15. Average P soil tests as influenced by P additions and recovery 
of added P (ppm P) in two Ida soils as measured by the Bray 
no. 1 extractable phosphorus 
Soil Time of P added (ppm) 
sample 
no. 
incubation 
(days) 0 25 50 100 150 200 300 
P soil tèst 
12 5 2.0 2.9 4.0 3.5 7.0 12.2 21.2 
10 1.9 1.5 4.6 6.7 6.2 11.6 19.6 
15 1.9 1.0 1.7 2.6 5.1 10.4 13.6 
20 1.0 3.5 1.8 3.6 9.4 14,4 17.2 
30 1.0 2,0 1.9 2.7 5.7 . 11.4 13.4 
50 1.4 2.5 2.1 4.5 7.2 9.0 11.6 
Average 1.5 2.2 2.7 3.9 6.8 11.5 16.1 
17 5 2.6 4.6 10.6 6.2 23.6 28.0 30.2 
10 3.1 4.1 7.8 8.5 19.3 11.2 27.8 
15 3.1 4.2 7.1 17.9 9.1 11.6 26.2 
20 2.8 7.2 12.1 10.1 9.6 18.8 24.0 
30 2.8 5.1 2.8 6.7 9.4 13.6 18.4 
50 1.8 2.8 2.4 3.7 8.9 10.4 22.4 
Average 2.7 4.7 7.1 8.8 13.3 15,6 24.8 
Average increase over check 
Ida 12 .7 1.2 2.4 5.3 10,0 14.6 
Ida 17 2.0 4.4 6.1 10.6 12,9 22.1 
Average percentage recovery of added P 
Ida 12 
Ida 17 
2.8 
8.0 
2.4 
8.8 
2.4 
6.1 
3.5 
7.1 
5.0 
6.5 
4.2 
7.4 
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Table 16. Change in P soil tests and exchangeable K due to cutting 
Soil 
sample 
no. 
Initial P P soil test after 
soil test cutting Cpp2m) 
(pp2m) Pq P Pg P3 
Initial 
exch.K 
(pp2m) 
Exch. K after cutting 
(pp2m) 
^0 ^1 ^2 ^3 
12 7.5 4.8 3.7 3.7 5.5 253 997 861 709 208 
13 9.8 6.2 7.0 6.8 10.0 74 766 595 400 13 9 
6 10.0 8.0 6.3 6.2 6.8 136 365 246 206 78 
1 10.5 5.7 6.0 5.8 6.3 13 9 951 633 517 151 
5 10.7 7.3 7.8 8.2 8.5 233 1068 770 521 217 
4 11.3 6.3 6.0 6.5 6.5 140 73 7 433 3 98 132 
3 12.0 6.5 5.7 7.2 8.2 93 294 254 189 117 
15 13.0 6.3 6.0 7.0 9.5 210 947 601 481 156 
2 14.0 7.1 7.5 8.0 10.6 114 448 344 131 90 
17 14.0 3.8 5.3 6.7 6 : i  2B1 801 &7:5 3.33 164 
14 15.3 6.0 5.8 6.2 7.0 123 738 553 2 93 81 
11 16.5 7.7 8.3 8.8 9.8 242 492 399 296 154 
9 16.8 7.7 7.5 9.0 9.0 247 744 453 271 120 
16 18.5 7.7 7.7 8.3 9.8 157 496 324 150 90 
20 19.5 5.7 6.2 6.5 8.8 85 195 169 147 93 
18 20.0 5.8 7.7 6.7 7.8 202 534 33 5 2 53 104 
19 20.5 5.2 6.8 7.7 9.5 221 457 3 74 204 128 
8 25.0 6,3 7.2 8.5 9.5 114 166 169 116 85 
7 27.5 7.3 9.0 9.3 12.0 120 351 283 118 83 
10 31.5 7.3 7.8 9.0 12.0 344 383 236 179 117 
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Table 17. Total K uptake (mg K/pot) by ryegrass in 10 cuttings 
Soil 
type 
Soil 
sample 
no. 
Initial P 
soil test 
Cpp2m) 0 
P added (ppm ) 
25 50 100 
Ida 12 7 .5 271 632 820 1152 
Webster 13 9 .8 290 503 600 934 
Edina 6 10, .0 754 947 1041 1155 
Kenyon 1 10. 5 409 687 775 1126 
Moody 5 10, .7 482 696 914 1236 
Gal va 4 11, .3 496 810 950 1252 
Gresco 3 12, .0 897 922 997 1088 
Kenyon 15 13, .0 468 741 832 1112 
Gresco 2 14, .0 730 888 1032 1130 
Ida 17 14, .0 604 829 1005 1241 
Webster 14 15, .3 353 606 73 5 1050 
Marshall 11 16. ,5 731 925 1089 1368 
Grundy 9 16. ,8 613 910 1027 1289 
Gresco 16 18. 5 848 909 1111 1141 
Kenyon 20 19. 5 888 964 873 1103 
Galva 18 20. 0 809 969 1086 1292 
Moody 19 20. ,5 835 1045 1229 1314 
Belinda 8 25. ,0 1003 1020 1070 1095 
Edina 7 27. ,5 817 965 1071 1130 
Marshall 10 31. ,5 1082 1217 1317 1516 
Ill 
Table 18, Total N, K uptake by ryegrass (average of 20 soils) and cumu­
lative addition of N and K during cropping period 
Treat- Number of ccutti'ngs-, 
ment 1 2 3 4 5 6 7 8 9 10 
N uptake (mg N/pot) 
:o 
94.2 161.4 211.7 316.2 376.0 463 .9 527.9 588.0 640.1 679.0 
^1 
108.8 191.7 261.2 391.0 476.6 579.4 653 .9 722.5 791.1 83 5.5 
^2 
112.3 194.4 271.4 423.6 531.8 650.6 740.4 823.3 900.3 954.7 
% 110.4 194.5 271.3 435.9 589.4 757.2 898.3 1009.2 1101 j 1177.7 
K uptake (mg K/pot) 
Po 101.2 170.2 219.2 321.3 376.9 464.5 525.5 587.9 637.9 669.; 
Pi 139.1 235.7 312.1 434.8 525.8 622.3 693 .2 764.4 823.9 859.: 
^2 142.0 239.6 321.3 472.3 581.9 694.2 781.4 867.3 946.1 989.: 
P3 146.7 246.4 329.2 504.8 652.1 790.9 915.6 1031.3 1120.3 1184.; 
Addition of N (mg N/pot) 
288 408 528 728 968 1208 1448 1688 1928 2108 
Addition of K (mg K/pot) 
314 394 474 634 794 954 1114 1274 1434 1594 
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Table 19, Average percentage P and range in ryegrass plants by cutting, 
as influenced by P additions 
No. of P added (ppm) 
cuttings 0 25 50 100 
Average of all soils 
1 .12 .22 .29 .34 
2 .12 .17 .23 .31 
3 .12 .15 .21 .28 
4 .09 .11 .13 .17 
5 .10 .10 .12 .16 
6 .07 .08 .08 .10 
7 .08 .09 .09 .11 
8 .09 .10 .11 .12 
9 .07 .07 .07 .08 
10 .07 .07 .08 .09 
Range 
.19 .34 .41 .45 
.07 .15 .19 .26 
.16 .22 .26 .38 
^ .07 .13 .19 .26 
3 .16 .18 .25 .31 
.09 .12 .16 .25 
.13 .13 .17 .21 
.07 .08 .09 .13 
5 .13 .13 .15 .21 
.07 .09 .09 .14 
6 '°*.07 '08.07 '09.07 '^^07 
y • .09 .11 .11 .13 
.06 .07 .08 .09 
8 ,12 .12 .13 .14 
.05 .08 .08 .10 
9 '09.03 '03.06 'O^,;* .09,o, 
10 '09.02 '09.04 "09.04 '^O^Qg 
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Table 20. Plant analyses by cr®ps, soils, and P added, average values 
per pot 
Soil Dry 
sample Treat- matter N-uptake P-uptake K-uptake 
Crop no. ment^ (g) % mg % mg % mg 
0 3.24 2.69 87.0 .09 2.8 2.80 90.9 
1 4.47 2.49 115.2 .18 8.2 3.15 145.9 
2 4.44 2.41 106.7 .25 11.1 3.30 147.2 
3 4.30 2.61 111.9 .29 12.6 3.30 142.6 
0 3.71 2.71 99.9 .08 3.0 2.3 5 87.6 
1 4.37 2.62 117.1 .18 8.1 2.90 129.9 
2 4.81 2.72 131.3 .25 12 .3 2.80 134.7 
3 4.88 2.70 131.2 .33 16.3 3.01 146.6 
20 0 3.87 2.62 101.2 .13 4.9 2.03 78.8 
1 4.09 2.68 109.8 .23 9.5 2.27 92.7 
2 4.3 7 2.47 107.7 .28 12.4 2.27 99.0 
3 4.17 2.55 107.5 .3 7 15.6 2.40 99.7 
2 0 3.36 2.75 92.4 .12 4.0 2.56 86.0 
1 4.34 2.60 112.1 .22 9.7 2.85 124.1 
2 4.45 2.57 114.4 .29 13.0 2.98 132*9 
3 4.09 2.02 109.9 .33 13.6 3.08 125.8 
3 0 3.96 2.61 103.2 .12 3.7 2.56 100.0 
1 4.55 2.54 115.0 .23 10.3 2.84 130.3 
2 4.50 2.55 114.6 .29 13.0 2.75 124.5 
3 4.23 2.62 110.2 .3 7 14.3 2.86 120.9 
16 0 3.07 3.92 120.6 
1 3.63 3.74 135.8 
2 4.32 3.45 148.8 
3 3.73 3.20 118.3 
.20 6.2 
.34 .12.2 
.41 17.6 
.45 16.7 
4.23 
4.10 
4.16 
3.79 
129.7 
149.1 
178.3 
140.4 
4 0 2.95 2.90 86.1 .09 2.5 2.95 87.4 
1 3.99 2.82 111.4 .18 7.1 3.64 145.9 
2 4.04 2.73 110.4 .25 10.3 3.67 148.1 
3 4.00 2.76 110.2 .30 12.0 3.40 136.1 
18 0 3.56 2.89 102.9 .15 5.3 3.55 126.9 
1 3.95 2.69 105.9 .28 8.9 3.76 150.5 
^Soil designation: 1, 15, 20 = Kenyon sil; 2, 3, 16 = Gresco sil; 
4, 18 = Galva sil; 5, 19 = Moody sil; 6,7= Edina sil; 8 = Belinda sil; 
9 = Grundy sil; 10, 11 = Marshall sil; 12, 17 = Ida sil; 13, 14 = Webster 
s id, 
^Treatment: PQ= check; Pj^= 25 mg P/pot; ?£= 50 mg P/pot; Pg= 100 
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Table 20, (Continued) 
Soil Dry-
sample Treat- matter N-uptake P-uptake Reuptake 
Crop no.& ment^ Cg) % mg % mg % mg 
18 2 4.51 2.63 118.1 .33 14.9 3.79 171.8 
3 4.18 2.69 112.6 .3 7 16.5 3.98 164.7 
5 0 3.17 2.61 84.7 .09 2.8 3.27 104.0 
1 4.50 2.50 112 .3 .18 8.1 4.20 187.2 
2 4.15 2.55 105.6 .27 11.2 3.67 152.9 
3 4.77 2.65 126.4 .36 17.7 3.46 164.8 
19 0 3.24 2.82 91.0 .13 4.1 3.85 125.8 
1 3.32 2.88 95.7 .22 7.3 4.12 13 8.1 
2 3.65 2.75 100.4 .29 10.5 4.12 150.3 
3 3.56 2.74 97.5 .39 14.0 4.40 157.8 
6 0 3.72 2.55 94.5 .08 3.0 2.92 109.3 
1 4.94 2.42 119.4 .15 7.4 3.22 159.8 
2 4.90 2.46 120.5 .19 9.1 3.17 155.4 
3 4.99 2.57 127.8 .26 13.1 3.19 159.0 
7 0 4.21 2.64 110.3 .15 6.3 2.65 111.3 
1 3.96 2.72 107.6 .24 9.6 2.73 108.1 
2 4.13 2.89 118.9 .29 12.1 2.73 112.3 
3 4.46 2.61 115.9 .40 17.8 2.70 120.6 
8 0 3.73 2.62 97.5 .15 5.7 3.02 112.9 
1 3.88 2.74 106.3 .2,6 10.2 3.27 126.1 
2 3.77 2.82 106.0 .32 12.1 2.25 112.0 
3 3.63 2.87 104.1 .39 14.2 3.11 114.5 
9 0 3.08 3.09 95.1 .12 3.6 3.81 117.5 
1 4.19 2.68 112.2 .20 8.4 4.67 181.4 
2 3.99 2.84 113.3 .29 11.5 4.09 161.9 
3 4.45 2.70 109.4 .33 13.5 4.37 177.3 
.0 0 3.85 2.82 108.1 .19 7.4 4.29 168.9 
1 3.82 2.72 103.8 .28 10.5 4.30 165.5 
2 4.28 2.77 118.3 .39 15.2 4.38 186.4 
3 4.05 2.67 108.1 .41 16.6 4.47 178.7 
.1 0 3.25 2.86 93.0 .12 4.1 3.47 113.0 
1 3.66 2.61 95.8 .22 8.2 3.78 139.0 
2 3.89 2.77 107.4 .29 11.1 3.81 148.5 
3 3.90 2.71 92.5 .33 12.8 3.67 143.5 
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Table 20. (Continued) 
Soil Dry-
sample Treat- matter N-uptake P-uptake K-uptake 
no.^ ment^ Cg) % mg % mg % mg 
12 0 2.17 2.76 60.0 .07 1.5 2.74 59.6 
1 3.49 2.75 95.1 .16 5.7 3.84 136.3 
2 3.54 2.77 97.8 .26 9.4 3.99 142.7 
3 3.64 2.72 98.8 .37 13 .9 4.50 165.5 
17 0 3.23 2.94 95.1 .13 4.2 2.74 88.1 
1 3.48 2.83 98.1 .22 7.8 3 .34 116.6 
2 3.66 2.68 97.9 .28 10.3 3.25 119.0 
3 3.3 9 2.73 92.3 .41 14.1 3.12 105.3 
13 0 3.00 2.74 82.3 .07 2.1 2.14 65.0 
1 3.46 2.75 94.6 .27 7.9 3.14 109.4 
2 4.12 2.63 108.5 .31 12.6 3.14 129.3 
3 4.31 2.70 116.4 .41 17.4 3.25 140.1 
14 0 2.88 2.77 79.8 .08 2.2 2.46 70.8 
1 4.33 2.61 112.4 .22 9.6 3.40 146.4 
2 4.05 2.65 107.1 .30 12.1 3.30 133.7 
3 4.00 2.69 107.5 .39 15.8 3.37 135.1 
1 P-0 1.55 3.71 57.3 .11 1.7 3.38 52.6 
1 3.13 2.49 77.8 .16 5.1 2.81 87.9 
2 3.33 2.30 76.5 .21 7.0 2.55 84.4 
3 3.66 2.19 80.3 .28 10.3 2.63 96.3 
15 0 1.73 3.56 61.3 .11 1.8 3.41 58.8 
1 3.3 7 2.35 78.8 .15 5.2 2.44 82.8 
2 3.63 2.17 78.7 .21 7.4 2.51 90.9 
3 3.89 2.27 88.4 .29 11.3 2.47 96.4 
20 0 3.03 2.63 79.6 .13 4.1 2.43 73.7 
1 3.72 2.37 87.7 .19 7.1 2.12 78.9 
2 3.46 2.36 81.8 .23 7.9 2.14 73.8 
3 3.76 2.26 84.9 .30 11.1 1.93 72.5 
2 0 2.51 2.59 65.16 .11 2.85 2.73 68.91 
1 3.39 2.24 75.77 .18 6,08 2.26 76.52 
2 3.47 2.21 76.54 .23 7.97 2.34 81.01 
3 3.60 2.11 76.05 .28 10.17 2.29 82.22 
3 0 2.31 2.92 68.00 .13 3.0 2.84 65.6 
1 3.32 2.37 78.46 .18 6.1 2.41 80.2 
116 
Table 20, (Continued) 
Soil Dry-
sample Treat- matter N-uptake P-uptake K-uptake 
Crop no.& ment^ (g) % mg % mg % mg 
P«2 3.30 2.45 80.74 .24 7.9 2.34 77.0 
3 3.3 6 2.31 77.38 .31 10.3 2.27 76.1 
16 0 1.99 4.50 80.4 .16 3 .3 3.67 72.9 
1 2.57 3.13 80.2 .22 5.7 3.28 84.4 
2 2.66 2.92 77.4 .26 7.0 3.10 82.3 
3 2.91 2.84 81.1 .34 9.4 2.99 86.2 
4 0 1.87 3.12 57.7 .10 1.8 3.18 59.5 
1 3.31 2.69 89.2 .15 5.1 3.18 105.4 
2 3.65 2.34 85.2 .21 7.5 3.11 113.2 
3 3.76 2.28 ' 85.2 .27 10.1 3.18 118.8 
18 0 3.17 2.62 82.9 .12 3.9 2.90 92 .3 
1 3.23 2.47 79.9 .18 5.8 2.98 95.7 
2 4.04 2.22 89.2 .25 10.6 3.06 123.3 
3 4.05 2.21 89.6 .33 13.3 3.15 127.2 
5 0 1.49 3.79 56.6 .11 1.7 3.70 55.5 
1 3.21 2.28 72.4 .16 5.1 3.10 99.4 
2 3.65 2.29 83.5 .20 7.4 3.08 112 .3 
3 3.44 2.25 84.7 .30 11.4 • 3.13 117.9 
19 0 2.91 2.51 73 .1 .12 3.4 2.97 86.7 
1 3.67 2.35 86.0 .16 6.2 3.08 112.7 
2 3.93 2.25 88.4 .22 8.7 3.05 119.9 
3 3.83 2.20 83 .8 .30 11.3 3.19 121.7 
6 0 1.70 3.35 56.9 .10 1.7 3.13 53.4 
1 3.57 2.69 95.4 .15 5.4 2.39 85.3 
2 3.62 2.29 82.8 .23 8.1 2.54 92.1 
3 3.79 2.20 83 .5 .32 12.0 2.51 95.2 
7 0 3.05 2.67 81.4 .14 4.2 2.75 83.7 
1 3.68 2.31 84.5 .19 7.0 2.92 109.5 
2 3.77 2.28 85.9 .23 8.6 2.36 89.1 
3 3.72 2.80 85.1 .31 11.6 2.55 94.8 
8 0 3.08 2.54 78.0 .14 4.3 2.54 78.2 
1 3.33 2.42 80.8 .21 6.9 2.44 81.3 
2 3.78 2.07 78.1 .24 9.1 2.28 86.2 
3 3.63 2.31 80.2 .38 12.5 2.41 87.4 
9 0 2.16 3.03 64.8 .11 2.3 3.18 68.9 
1 4.08 2.24 91.4 .15 6.1 3.74 111.4 
2 3.49 2.46 85.5 .19 6.7 3.13 109.4 
3 4.51 2.12 95.5 .26 11.9 2.94 132.4 
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Table 20, (Continued) 
Soil Dry-
sample Treat­ matter N-uptake P-uptake K-uptake 
Crop no.^ ment Cg) % mg % mg % mg 
2 10 0 3.54 2.58 90.6 .16 5.7 3.45 121.6 
1 3.86 2.30 88.6 .21 8.0 2.98 115.3 
2 4.07 2.19 89.9 .26 10.5 3,00 122.0 
3 4.06 2.18 88.5 .31 12.5 3.50 142.5 
11 0 2.76 2.60 71.8 .11 3.5 2.90 80.3 
1 3.75 2,27 85.2 .17 6.6 3.06 114.6 
2 3.54 2.30 81.5 . .23 8.2 3.24 114.7 
3 4.06 2.18 88.8 .29 12.0 3.21 13 0.3 
12 0 0.68 4.25 29.7 .07 0.5 3.27 22.5 
1 3.30 2.29 74.9 .13 4.4 2.94 96.7 
2 3.55 2.17 76.7 .19 6.7 3.08 94.4 
3 3.23 2.38 77.1 .29 9.6 3.10 100.4 
17 0 2.61 2.67 69.2 .12 3.2 3.3 7 88,1 
1 3.19 2.40 76.6 .18 5.8 3.21 102,8 
2 3.42 2.23 76.2 .22 7.4 3.17 108,6 
3 3,12 2.29 71.3 .33 10.2 3.28 102,5 
13 0 1.23 3.68 45.4 .10 1.2 2.76 34,0 
I 3.65 2.45 89.4 .18 6.3 2.35 85,5 
2 3.54 2.34 82.4 .22 7.9 2.48 87,6 
3 3.78 2,29 86.4 .33 12.4 2.36 90,4 
14 0 1.51 3.59 54.1 .08 1.1 3.2 48.6 
1 3.58 2.39 85.3 .16 5.6 2.7 96,1 
2 3.49 2.44 85.0 .24 8.6 2.6 89,5 
3 4.19 2,26 94.5 .33 13.9 2.8 118,2 
3 1 P-0 1.16 3,72 43.1 .12 1.4 3.15 36.6 
1 2.23 2,85 63.5 .14 3.1 2.80 62,4 
2 2.50 2,55 63.8 .18 4.9 2.62 65,5 
3 2.72 2,66 78.4 .26 7.2 2.65 72,4 
15 0 1.52 3,79 57.6 .14 2.1 3^2 50,4 
1 2.47 2,74 67.4 .14 3.6 2.86 70,5 
2 2.92 2.51 73.4 .18 5.3 2.53 73.5 
3 3.01 2.34 70.8 .26 7.8 2.63 78.8 
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Table 20. (Continued) 
Soil Dry-
sample Treat" matter N-uptake P-uptake K-uptake 
Crop no.& mentb (g) % mg % mg % mg 
3 20 P-O 2.34 2.66 41.3 .13 2.1 2.63 41.0 
1 2.88 2.48 71.3 .18 5.4 2.45 70.3 
2 2.77 2.53 70.0 .22 6.2 2.46 68.7 
3 2.97 2.50 74.2 .29 8.5 2.21 63.6 
2 0 2.09 2.90 60.4 .12 2.6 2.90 60.8 
1 2.71 2.62 71.1 .18 4.8 2.70 73.3 
2 2.66 2.77 73 .7 .21 5.5 2.72 71.8 
3 2.61 2.70 70.0 .27 6.9 2.65 68.7 
3 0 1.57 3.21 50.3 .13 2.1 2.93 45.8 
1 1.49 2.70 71.6 .18 4.8 2.63 69.8 
2 1.49 2.68 66.8 .23 5.6 2.57 63.9 
3 1.61 2.86 74.7 .3 0 7.8 2.43 63.3 
16 0 1.82 3.48 63.1 .16 2.9 3.07 55.5 
1 2.60 2.74 71.2 .19 4.9 2.75 71.6 
2 2.67 2.83 75.4 .22 5.8 2.62 70.0 
3 2.47 2.90 71.6 .29 7.1 2.88 71.0 
4 0 1.53 3.38 51.9 .12 1.8 3.25 49.9 
I 1.75 2.68 73.7 .14 3.9 3.27 90.2 
2 3.16 2.47 77.9 .20 6.2 2.97 93.6 
3 3.13 2.58 80.7 .28 8.8 3.25 101.6 
18 0 2.57 2.57 66.1 .12 3.1 3.00 77.3 
1 3.12 2.44 76.1 .15 5.6 2.95 92.0 
2 3.26 2.44 79.6 .22 7.0 2.98 96.9 
3 3.16 2.33 73.3 .30 9.6 3.05 96.2 
5 0 1.07 3.94 39.2 .11 1.1 3.31 33.0 
1 2.35 2.74 64.0 .13 3.1 3.08 72.2 
2 2.72 3.94 107.7 .18 4.8 3.04 82.7 
3 2.87 2.73 78.2 .27 7.7 2.99 85.5 
19 0 1.97 3.00 51.6 .13 2.3 3.49 60.0 
1 2.91 2.36 68.5 .15 4.4 3.03 87.9 
2 2.82 2.78 78.5 .20 5.6 3.15 89.1 
3 3.02 2.3 9 72.0 .28 8.4 3.03 91.6 
6 0 1.07 3.77 43.2 .13 1.6 3.20 36.6 
1 2.53 2.51 63.6 .Ir 3.7 2.59 65.6 
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Table 20. (Continued) 
Soil Dry-
sample Treat- matter N-uptake P-uptake K-uptake 
no.^ ment^ Cg) % mg % mg % mg 
6 P-2 3.09 2.37 73.4 .19 5.8 2.48 73.3 
3 2.88 2.64 75.8 .30 8.6 2.50 71.8 
7 0 2.53 2.66 67.2 .14 3.5 2.65 66.8 
1 2.75 2.73 74.8 .18 5.1 2.48 67.7 
2 3.24 2.54 82.0 .21 6.9 2.45 79.2 
3 2.86 2.81 80.3 .26 7.5 2.49 71.3 
8 0 2.42 2.80 67.7 .14 3.5 2.78 67.2 
1 2.81 2.73 75.9 .20 5.6 2.55 71.3 
2 2.79 2.89 80.4 .25 6^9 2.45 68.1 
3 2.99 2.66 78.4 .31 9.3 2.33 68.6 
9 0 1.82 3.60 49.6 .13 1.8 3.14 46.9 
1 1.41 2.54 61.1 .14 3.5 3.06 73.8 
2 3.09 2.33 71.0 .17 5.3 3.06 93.9 
3 3.07 2.49 76.3 .28 8.3 3.15 97.1 
10 0 2.68 2.45 64.2 .14 3.8 3.26 85.3 
1 3.29 1.96 64.9 .18 6.0 3.03 99.1 
2 3.39 2.48 83.9 .26 8.8 3.27 111.8 
3 3.17 2.52 79.6 .31 9.9 3.33 105.5 
11 0 2.13 3.02 42.0 .12 2.6 3.20 44.5 
1 3.01 2.52 75.8 .16 4.7 3.18 95.4 
2 3.04 2.55 77.2 .21 6.3 3 .11 94.5 
3 3.17 2.47 78.4 .28 8.9 2.74 86.7 
12 0 0.46 4.69 21.7 .09 #4 3.24 15.0 
1 2.57 2.56 65.8 .12 3.2 2.98 76.7 
2 3.03 2.50 75.9 .16 5.0 2.93 88.7 
3 3.35 2.33 80.6 .25 8.7 2.71 93.8 
17 0 2.23 2.96 65.7 .12 2.7 3.17 70.7 
1 3.11 2.31 71.6 .16 4.8 3.06 95.1 
2 3.03 2.34 71.1 .19 5.7 2.83 85.7 
3 3.50 2.29 80.0 .26 9.0 2.80 98.0 
13 0 0.82 4.47 36.6 .10 .8 3.32 27.2 
1 2.85 2.20 69.6 .12 3.6 2.65 75.3 
2 3.23 2.20 71.0 .19 6.2 2.40 77.3 
3 3.40 2.39 81.1 .29 9.9 2.48 83.9 
Crop 
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Table 20. (Continued) 
Crop 
Soil 
sample 
no.^ 
Treat­
ment^ 
Dry-
matter 
(g) 
N-uptake 
% mg 
P-uptake 
S mg 
K-uptake 
% mg 
3 14 0 0.99 4.00 39.7 .10 1.3 3.18 31.5 
1 2.80 2.51 69.9 .14 4.0 2.83 78.7 
2 3.45 2.55 87.9 .22 7.5 2.49 86.1 
3 3.05 2.66 81.9 .34 10.3 2.82 85.8 
4 1 P-0 1.66 4.81 78.9 .09 1.5 4.37 72.0 
1 2.04 4.19 86.6 .10 2.1 4.15 84.7 
2 3.33 4.45 146.1 .13 4.3 3.79 124.8 
3 4.49 3.66 173.2 .19 8.9 3.44 163.5 
15 0 1.68 3.34 78.6 .09 1.5 4.57 76.8 
1 2.55 4.40 111.3 .10 2.5 4.11 104.9 
2 3.86 3.99 153.9 .11 4.2 3.90 144.2 
3 4.42 3.41 151.2 .16 7.4 3.43 151.6 
20 0 2.87 4.20 120.4 .11 3.1 3.56 101.8 
1 3.91 3.94 154.1 .12 4.6 3.41 134.5 
2 4.63 3.54 163 .3 .15 6.7 2.97 137.1 
3 4.85 3.25 156.6 .19 8.8 2.75 132.6 
2 0 1.95 4.19 83.4 .10 2.0 3.25 62.6 
1 3.33 4.19 140.4 .11 5.8 3.86 128.0 
2 3.99 3.95 151.8 .15 5.9 3.27 126.6 
3 4.80 3.25 161.0 .21 10.0 3.02 145.4 
3 0 2.78 4.27 117.7 .10 2.9 3.78 105.8 
1 3.05 4.32 145.7 .13 4.4 3.59 120.8 
2 4.06 4.04 159.1 .15 6.1 3.34 132.2 
3 5.21 3.35 174.0 .20 10.3 3.01 156.8 
15 0 2.70 4.3 8 118.1 .10 2.8 3.79 101.1 
1 3.07 4.53 138.6 .11 3.4 3.44 105.6 
2 3.99 4.07 160.5 .15 5.9 3.08 121,9 
3 4.71 3.77 175.9 .20 9.4 3.03 141.8 
4 0 2.77 4.17 115.7 .07 2.0 4.18 121.6 
1 3.71 3.84 140.4 .09 3.4 3.83 139.8 
2 5.13 3.21 163.9 .10 5.3 3.47 176.6 
3 6.21 2.56 158.5 .15 9.1 3.16 196.2 
18 0 3.05 4.24 129.2 .11 3.4 4.3 5 183.4 
1 5.25 3.32 171.0 .11 6.1 3.47 180.2 
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Table 20^ (Continued) 
Soil Dry-
sample Treat­ matter N-uptake P-uptake Reuptake 
Crop no.& ment^ (g) % mg % mg % mg 
4 18 P-2 5.30 3.28 172.0 .12 6.6 3.49 183.0 
3 5.38 3.14 166.0 .16 9.4 3.42 184.7 
5 0 1.90 4.34 82.0 .09 1.7 4.61 86.6 
1 1.94 4.22 .82;o .10 1.9 4.57 88.5 
2 3.61 3.61 129.4 .11 4.1 4.10 147.6 
3 4.89 3.11 152.6 .18 8.8 3.58 175.8 
19 0 2.39 4.18 100.5 .10 2.5 4.11 98.1 
1 3.69 3.72 137.9 .11 4.1 3.96 145.9 
2 4.60 3.47 159.1 .14 6.6 4.01 183.3 
3 5.35 3.07 147.0 .17 9.4 5.86 207.3 
6 0 2.08 4.30 152.8 .08 U8 4.28 88.9 
1 2.57 4.40 112.0 .10 2.5 4.02 103.1 
2 3.58 4.12 147.0 .11 3.8 3.59 128.5 
3 5.17 3.84 198.6 .16 8.1 2.87 148.8 
7 0 3 .13 4.19 129.2 .12 3.7 4.22 135.7 
1 4.54 3.43 154.7 .11 4.9 3.20 144.7 
2 5.65 2.90 163.0 .12 7.1 2.87 162.6 
3 6.05 2.93 177.1 .18 10.9 2.70 163.4 
8 0 3.23 4.15 131.6 .11 3.7 3.83 122.9 
1 3.92 3.94 153.6 .11 4.3 3.41 132.9 
2 5.33 3.13 165.5 .12 6.6 2.91 153.8 
3 5.84 3.21 187.4 .17 10.2 2.80 162.5 
9 0 2.43 4.69 113.8 .09 2.2 4.54 110.1 
1 3.80 3.93 148.6 .11 4.1 4.13 157.4 
2 4.47 3.77 168.6 .14 5.7 3.76 167.6 
3 5.84 3.01 179.7 .17 10.0 3.65 213.1 
10 0 3.3 5 3.70 124.1 .13 4.5 4.16 138.6 
1 4.43 3.53 152.1 .17 7.2 4.25 186.5 
2 4.95 3.34 165.5 .17 8.5 4.18 207.2 
3 5.58 3.13 173.6 .20 11.4 4.05 225.0 
11 0 2.22 4.15 92.0 .10 2.3 4.33 95.7 
1 3.65 3.92 143.0 .12 4.4 4.28 157.3 
2 4.46 3.69 165.4 .14 6.4 4.18 187.3 
3 5.75 2.97 170.8 .19 10.7 3.85 221.4 
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Table 20. (Continued) 
Soil Dry 
sample Treat­ matter N-uptake P-uptake K-uptake 
Crop no.& ment^ Cg) % mg % mg % mg 
4 12 P«0 1.29 4.62 59.3 .08 1.0 4.40 57.7 
1 2.39 4.00 95.1 .08 2.0 4.33 103.3 
2 4.16 3.37 138.1 .09 3.8 3.82 158.7 
3 5.69 2.89 163.0 .15 8.6 3.80 209.8 
17 0 2.29 3.90 89.2 .08 1.9 3.78 86.0 
1 4.50 3.56 159.0 .09 3.9* 3.78 135.8 
2 5.62 2.29 127.1 .11 6.1 2.76 153.2 
3 6.09 2.49 152.6 .13 8.4 3.15 193.1 
13 0 1.79 4.36 77.6 .08 1.5 3.77 67.4 
1 1.42 4.24 59.9 .09 1.3 3.77 53.7 
2 3.06 3.60 108.2 .11 3.3 3.32 100.7 
3 5.14 3.3 5 167.9 .13 8.8 3.28 163.1 
14 0 2.09 4.63 97.1 .07 1.4 3.71 78.6 
1 2.49 4.44 109.6 .08 2.1 3.66 91.6 
2 3.65 3.76 136.6 .10 3.7 3.37 122.0 
3 5.00 3.44 109.8 .17 8.4 3.17 156.8 
5 1 P«0 .80 4.44 34.9 .09 0.7 4.25 33.4 
1 1.99 4.30 85.1 .10 2.0 4.04 80.6 
2 2.42 3.94 95.2 .10 2.3 3.69 88.8 
3 3.52 4.26 149.7 .17 6.0 3.99 139.7 
15 0 0.75 4.89 36.5 .10 .8 5.04 37.5 
1 1.78 4.23 75.3 .10 1.7 4.26 75.2 
2 2.47 4,21 103.7 .10 2.5 4.06 100.1 
3 3.51 4.32 151.4 .16 5.6 3.91 136.9 
20 0 2.03 4.02 82.5 .11 2.3 3.99 79.2 
1 2.81 4.32 120.9 .12 3.4 3.89 109.1 
2 3.30 4.30 192.1 .18 5.0 3.87 125.8 
3 4.04 4.09 165.5 .21 8.6 3.64 147.4 
2 0 2.13 4.36 92.0 .12 2.2 4.28 90.1 
1 2.55 4.10 104.3 .10 2.5 3.64 92.4 
2 3.15 4.28 104.3 .13 3.9 3.88 121.9 
3 3.58 4.45 158.7 .19 6.8 3.83 ' 136.6 
Table 20. (Continued) 
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Crop 
Soil 
sample 
no.& 
T^eat— 
ment^ 
Dry 
matter 
Cg) 
N-uptake 
% mg 
P-uptake 
% mg 
K-uptake 
% mg 
3 P«0 1.79 3.79 68.8 .10 2.0 3.94 72.7 
1 2.48 3.88 94.1 .13 3.1/ 4.31 104.3 
2 3.08 4.10 115.4 .14 4.4 4.09 125.8 
3 3.92 4.41 173.8 .18 7.2 3.99 156.9 
16 0 1.65 3.78 62.6 .09 1.5 3.81 62.3 
1 1.76 3.88 68.4 .10 1.7 3.50 61.5 
2 2.84 3.98 113.8 .12 3.6 3.63 102.7 
3 2.92 4.22 124.3 .17 5.1 4.01 116.8 
4 0 0.79 4.31 35.1 .09 .8 4.02 32.9 
1 1.96 3.66 70.7 .09 1.4 3.89 75.4 
2 2.71 3.91 105.8 .10 2.8 3.86 104.2 
3 4.12 3.76 155.0 .14 6.0 3.70 152.6 
18 0 1.73 3.55 61.8 .10 1.7 3.72 63.4 
1 2.80 3.55 100.1 .10 2.9 3.56 100.0 
2 3.29 3.75 122.1 .12 4.0 3.81 124.5 
3 4.26 3.72 158.7 .16 6.7 3.91 166.5 
5 0 0.50 4.38 21.7 .10 .5 4.44 22.1 
1 0.93 3.93 37.6 .11 1.2 4.35 40.5 
2 1.33 3.70 49.3 .13 1.7 4.19 55.8 
3 2.14 3.89 82.0 .15 4.0 4.16 86.6 
19 0 1.12 3.92 44.3 .10 1.1 4.07 45.9 
1 2.16 3.83 82.8 .12 2.7 3.96 84.7 
2 2.3 9 3.89 95.3 .14 3.3 4.43 106.0 
3 4.29 3.86 160.3 .16 6.9 3.74 157.2 
6 0 1.16 4.44 51.3 .11 1.3 4.94 56.91 
1 1.91 4.02 76.5 .10 2.1 4.18 81.34 
2 2.39 3.79 51.1 .10 2.4 3.99 95.24 
3 3.28 4.3 5 142.7 .15 5.1 4.06 132.78 
7 0 1.84 3.76 69.2 .12 2.2 3.88 71.1 
1 2.77 3.97 109.1 .11 3.1 3.62 99.3 
2 3.68 3.84 141.4 .13 4.9 3.39 125.1 
3 4.27 3.86 164.1 .18 7.7 3.30 142.0 
124 
Table 20. (Continued) 
Soil Dry-
sample Treat- matter N«uptake P-uptake K-uptake 
Crop no.& ment^ Cg) % mg % mg % mg 
8 P-0 3.07 4.11 125.0 .12 3.9 4.08 124.8 
1 2.89 3.64 104.8 .10 2.9 3.3 7 96.4 
2 3.19 3.70 118.7 .13 4.1 3.37 107.1 
3 3.96 3.91 154.6 .18 7.3 3.44 13 5.6 
9 0 1.19 4.85 57.3 .10 1.3 4.80 56.7 
1 1.93 4.11 79.3 .11 2.2 4.48 86.8 
2 2.70 3.85 103.7 .11 3.1 3.93 105.5 
3 3.43 4.35 148.8 .16 5.5 4.53 155.7 
10 0 3.02 3.97 121.1 .13 4.0 4.26 128.6 
1 3.64 4.13 151.6 .13 4.8 4.46 163.7 
2 3.95 3.87 152.8 .14 5.5 4.28 169.2 
3 4.43 3.90 172.8 .18 7.8 4.41 194.6 
11 0 2.50 3.68 97.2 .11 2.8 3.96 97.5 
1 2.18 3.99 85.9 .11 2.3 3.99 86.2 
2 3.23 3.87 124.3 .11 3.7 4.01 129.3 
3 3.88 3.89 150.7 .16 6.4 4.28 165.7 
12 0 .54 4.44 : 23.8 .08 .5 4.75 25.7 
1 .91 4.21 44.9 .09 1.0 4.48 50.9 
2 2.11 3.68 77.0 .09 1.8 4.58 98.6 
3 3.95 3.92 153.2 .16 6.0 4.26 167.3 
17 0 1.04 4.14 41.5 .11 1.1 4.73 49.5 
1 2.77 4.03 111.4 .10 2.7 4.65 129.2 
2 3.76 3.86 145.0 .11 4.1 4.16 156.5 
3 4.90 3.34 163.8 .15 7.4 3.99 195.9 
13 0 0.73 4.76 33.7 .07 .6 4.25 30.6 
1 1.13 4.27 48.2 .09 1.0 4.09 45.8 
2 1.94 4.19 80.7 .10 1.9 3.64 70.1 
3 3.42 4.14 141.6 .14 4.9 3.91 134.1 
14 0 0.77 4.58 35.6 .09 .7 3.95 31.3 
1 1.32 4.66 61.4 .10 1.3 4.21 55.5 
2 2.11 3.84 80.6 .09 2.0 3.66 77.5 
3 3.53 4.25 135.1 .16 5.6 4.06 128.6 
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Table 20. (Continued) 
Soil Dry-
sample Treat­ matter N~uptake P-uptake K-uptake 
no.& ment^ (g) % mg % mg % mg 
1 P-0 .97 4.85 47.7 .07 0.7 5.01 48.7 
1 2.05 4.62 94.9 .07 1.5 4.83 98.1 
2 2.33 4.39 102 .3 .07 1.7 3.48 80.7 
3 4.95 3.33 164.0 .09 4.4 2.54 125.1 
15 0 1.13 4.42 50.0 .07 .8 5.00 56.4 
1 2.14 4.43 97.9 .07 1.6 4.87 107.3 
2 2.27 3.85 87.0 .07 1.6 4.21 95.4 
3 4.64 3.48 161.4 .08 3.8 2.81 130.8 
20 0 3.55 3.81 135.6 .07 2.6 3.74 128.5 
1 3.26 4.09 133.7 .07 2.3 3.57 116.5 
2 4.27 3.45 147.0 .08 3.3 2.69 114.7 
3 6.15 3.05 188.7 .11 6.6 2.05 126.3 
2 0 2.60 5.01 130.0 .07 1.4 4.28 111.0 
1 2.90 4.83 140.0 .07 2.2 4.09 117.6 
2 3.85 3.48 134.4 .07 2.7 3.16 121.4 
3 5.88 2.54 149.1 .11 6.5 2.30 134.9 
3 0 3.30 4.42 146.3 .08 2.7 4.77 156.9 
1 3.26 3.97 128.9 .08 2.5 3.58 116.3 
2 3.68 3.50 129.1 .09 3.2 3.61 131.0 
3 5.17 3.49 180.1 .11 5.8 2.32 118.7 
16 0 1.95 4.15 82.1 .08 1.6 4.3 6 83.8 
1 2.07 4.15 86.8 .08 1.7 4.01 82.2 
2 3,43 3.67 125.9 .09 3.0 3.44 117.4 
3 4..37 3.80 166.8 .11 4.8 2.96 129.5 
4 0 1.34 4.78 64.3 .07 .9 3.72 54.0 
1 1.84 4.52 83 .3 .07 1.4 4.56 84.2 
2 2.46 3.96 98.6 .07 1.7 3.73 92.3 
3 5.25 3.03 158.7 .09 4.5 2.86 149.7 
18 0 2.07 4.45 91.1 .08 1.7 4.90 102.4 
1 2.66 4.04 106.6 .08 2.2 4.14 112.4 
2 3.28 3.72 121.9 .08 2.5 3.44 112.8 
3 5.07 3.13 167.8 .11 5.7 2.86 153.3 
Table 20. (Continued) 
Soil Dry-
sample Treat­ matter N-uptake P-uptake K-uptake 
no.& ment Cg) % mg % mg % mg 
5 P«0 .97 4.83 46.9 .08 .8 4.55 44.8 
1 1.38 4.78 65.6 .08 1.1 4.80 66.2 
2 2.19 4.28 93.7 .09 1.9 4.75 104.1 
3 4.05 4.12 165.4 .11 4.3 3.98 159.1 
19 0 2.27 4.64 106.2 .09 2.0 5.22 118.9 
1 3.06 4.03 124.0 .08 2.5 4.38 133.1 
2 3.43 4.09 140.1 .08 2.9 4.42 150.8 
3 5.21 3.22 167.8 .11 5.4 2.93 152.1 
6 0 2.38 4.63 102.4 .07 1.3 4.76 101.9 
1 2.38 4.13 97.4 .08 1.9 3.78 90.7 
2 2.69 4.22 113.8 .08 2.7 4.02 107.7 
3 4.68 3.57 165.7 .09 4.1 2.62 119.5 
7 0 2.47 3.94 96.7 .08 2.0 4.3 5 105.0 
1 3.71 3.84 141.7 .07 2.6 3.33 126.6 
2 3.96 3.66 145.2 .08 3.0 3.04 120.9 
3 5.13 3.20 164.6 .10 5.0 2.40 123.1 
8 0 3 .90 3.95 150.9 .07 2.8 3.29 127.6 
1 3.30 3.82 125.6 .08 2.7 3.75 123.9 
2 3.88 3.81 148.1 .08 3.1 3.81 129.1 
3 5.36 3.25 192.2 .09 5.0 3.25 124.1 
9 0 1.42 4.56 64.7 .07 1.0 5.00 71.1 
1 2.20 4.26 93.1 .08 1.7 4.85 106.6 
2 2.94 4.29 126.1 .07 2.3 4.03 118.5 
3 4.95 3.43 169.1 .08 3.9 2.79 138.4 
10 0 4.09 3.81 155.5 .08 3.1 3.66 149.4 
1 4.14 3.61 143.2 .08 3.2 3.40 141.2 
2 4.51 3.45 155.4 .08 3.8 3.23 145.1 
3 5.41 3.07 166.0 .11 5.6 2.98 161.5 
11 0 3.07 4.33 887.8 .08 1.6 4.52 92.9 
1 2.71 4.00 107.6 .08 2.3 3.88 105.5 
2 3.52 3.72 131.11 .08 3.0 3.68 129.6 
3 5.00 3.43 171.44 .10 4.8 3.08 154.2 
Table 20. (Continued) 
Soil Dry-
sample Treat" matter N-uptake P-uptake K-uptake 
Crop no.& ment (g) % mg % mg % mg 
6 12 P-0 0.77 5.06 39.2 .06 .5 4.98 38.5 
1 1.20 4.66 64.9 .07 1.0 5.21 72.9 
2 2.18 4.36 95.1 .07 1.5 4.97 108.6 
3 5.09 3.15 160.0 .07 3.6 2.85 144.4 
17 0 1.60 4.40 70.3 .07 1.2 5.33 85.3 
1 2.47 3.98 97.6 .07 1.7 4.88 121.0 
2 3.56 3.63 122.8 .07 2.4 3.68 131.8 
3 6.31 2.77 174.8 .08 5.1 2.69 169.8 
13 0 .72 4.98 35.8 .07 .5 4.03 29.6 
1 1.29 4.24 55.6 .07 .9 4.23 54.3 
2 1.98 4.15 81.6 .07 1.3 ~ •3.78 76.8 
3 4.30 3.77 161.6 .07 3.0 2.75 116.6 
14 0 1.14 4.69 55.8 .07 .8 3.87 46.9 
1 1.35 4.56 62.4 .07 1.0 3 . 94 54.2 
2 1.83 4.23 77.6 .07 1.3 3.66 59.7 
3 4.78 3.34 160.2 .08 3.6 2.99 144.0 
1 P«0 .63 5.63 34.0 .08 .6 4.46 28.0 
1 .68 4.62 33.7 .09 .6 3.92 28.4 
2 1.33 4.63 39.4 .085 1.1 4.26 56.9 
3 3.64 4.37 157.9 .12 4.3 3.83 139.9 
15 0 .45 5.09 48.7 .08 .34 4.54 42.3 
1 1.21 4.72 57.5 .08 .98 4.38 52.3 
2 1.20 4.47 53.3 .09 1.04 4.19 50.1 
3 3.26 3.80 124.4 .10 3.16 3.54 115.3 
20 0 2.93 4.48 127.6 .11 3.3 4.19 121.1 
1 2.59 4.49 116.3 .11 2.9 4.24 109.6 
2 2.42 4.14 100.4 .11 2.7 3.75 91.1 
3 4.79 3.37 160.8 .12 6.1 2.88 137.7 
2 0 1.52 4.81 72.8 .09 1.3 4.48 67.1 
1 1.73 4.65 80.4 .10 1.8 4.18 ; Zl.4 
2 2.60 4.25 110.0 .10 2.7 3.76 97.3 
3 4.51 3.54 159.4 .12 5.4 2.88 129.3 
3 0 2.38 4.77 109.3 .09 2.1 4.21 96.6 
1 2.15 4.43 94.5 .09 2.1 4.11 88.2 
2 2.45 4.47 109.3 .11 2.6 3.86 94.6 
3 3.91 3.91 153.2 .13 5.0 3.15 123.0 
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Table 20. (Continued) 
Soil Dry-
sample Treat" matter N-uptake P-uptake K-uptake 
Crop no.& ment Cg) % mg % mg % mg 
7 16 P-0 2.37 4.61 109.5 .10 2.41 4.45 109.3 
1 2.19 4.54 99.3 .10 2.30 4.34 95.3 
2 3.18 4.05 128.6 .11 3.35 4.06 129.3 
3 4.41 3.76 165.5 .14 6.16 2.87 125.4 
4 0 .70 5.10 33 5.5 .08 .6 4.09 28.6 
1 1.20 4.86 58.3 .08 .9 4.3 5 52.3 
2 1.42 4.81 68.6 .08 1.2 4.14 59.0 
3 3.78 3.68 139.4 .09 3.3 3.25 122.5 
18 0 1.56 4.16 65.0 .09 1.4 4.41 70.0 
1 1.95 4.45 97.4 .08 2.0 4.13 79.9 
2 2.05 4.06 79.5 .08 2.1 4.01 82.3 
3 3.92 3.42 133.1 .10 4.1 3.25 127.2 
5 0 .87 4.96 43.1 .09 .8 4.66 41.1 
1 1.39 4.95 68.8 .09 1.3 4.61 64.4 
2 2.06 4.61 94.9 .09 1.9 4.64 95.1 
3 4.16 4.10 170.6 .11 4.7 4.01 166.8 
19 0 2.07 4.74 85.9 .09 2.0 4.44 91.4 
1 3.10 4.67 113.4 .11 3.4 4.43 140.0 
2 3.62 4.44 140.8 .10 3.8 4.18 150.1 
3 3.83 3.67 153.0 .12 4.6 3.3 7 129.0 
6 0 1.98 4.75 87.7 .08 1.5 4.48 84.1 
1 2.13 4.33 91.3 .09 2.0 4.36 92.8 
2 2.58 4.13 106,5 .09 2.5 4.38 112.9 
3 3.50 4.14 144.9 .10 3.7 3.30 115.5 
7 0 1.74 4.03 66.4 .08 1.5 3.72 63.6 
1 2.20 4.17 90.9 .10 2.2 4.11 91.6 
2 3.13 4.33 135.6 .11 3.4 3.68 115.4 
3 3.92 4.16 161.0 .12 4.7 3.13 122.7 
8 0 2.3 9 4.28 102.3 .10 2.4 3.93 94.2 
1 2.91 4.23 123.1 .09 2.8 4.08 117.6 
2 3.04 4.10 124.6 .11 3.2 3.76 114.3 
3 4.12 3.75 154.4- .13 5.2 2.90 118.6 
9 0 .70 5.17 36.4 .09 .6 4.5 31.7 
1 1.19 4.56 54.0 .09 1.1 4.1 47.7 
2 1.67 4.91 82.3 .10 1.7 4.3 74.5 
3 3.48 3.81 131.4 .10 3.5 3.5 122.2 
Table 20. (Continued) 
Soil Dry-
sample Treat­ matter N~uptake P-uptake K-uptake 
no.& ment (g) % mg % mg % mg 
10 P-0 2.51 4.29 96.9 .09 2.3 4.4 108.5 
1 2.13 4.g7 90.9 .11 2.3 4.0 84.8 
2 2.98 4.15 123.7 .11 3.3 4.1 119.5 
3 4.62 3.78 174.5 .12 5.8 34 174.8 
11 0 1.13 4.97 39.4 .09 1.1 4.08 43.7 
1 1.63 4.3 7 57.1 .09 1.6 4.51 73.0 
2 1.98 4.32 84.8 .10 2.0 4.29 84.9 
3 4.31 3.50 148.1 .11 4.6 3.64 156.8 
12 0 .49 5.67 27.1 .06 .3 4.34 21.3 
1 .80 4.96 39.9 .08 .7 4.44 35.8 
2 1.03 5.30 53.9 .08 .9 4.46 46.6 
3 2.3 5 3.87 90.7 .09 2.1 3.86 90.6 
17 0 .99 4.51 44.6 .08 .5 4.54 45.3 
1 1.13 4.53 50.9 .09 1.1 4.60 51.9 
22 1.64 4.18 44.3 .10 1.7 4.29 70.4 
3 3.83 3.55 136.1 .10 3.8 3.37 129.3 
13 0 .33 5.50 18.2 .07 .3 3.61 12.0 
1 1.15 5.29 57.0 .08 .9 3.43 37.0 
2 1.14 4.30 43.2 .08 .9 3.76 42.1 
3 1.56 4.3 6 58.7 .10 1.6 3.87 61.3 
14 0 .53 5.27 27.8 .07 .4 3.69 19.7 
1 .70 5.09 35.2 .07 .5 3.82 27.0 
2 1.50 4.83 72.4 .08 1.2 3.88 58.3 
3 2.45 4.10 104.4 .09 2.3 3.53 87.0 
1 Pr,0 .70 5.19 35.8 .08 .6 5.64 29.5 
1 .95 4.92 46.8 .09 .9 4.44 41.8 
2 1.13 4.93 55.7 .10 1.1 4.43 50.1 
3 2.68 3.96 106.2 .11 3.1 4.08 109.3. 
15 0 .57 5.12 28.9 .07 .4 4.91 28.0.  
1 1.14 4.82 54.8 .10 1.1 4.71 53.4/ 
2 1.21 4.49 54.7 .12 1.5 4.35 52.7 
3 2.25 4.10 91.9 .12 2.6 4.43 99.5 
20 0 2.44 4.53 110.3 .11 2.6 4.24 102.8 
1 2.05 4.66 94.4 .12 2.4 4.83 98.3 
2 2.74 4.46 122.3 .13 3.4 4.60 126.5 
3 3.33 3.89 128.2 .13 4.2 3.73 120.7 
13 0 
Table 20. (Continued) 
Soil Dry-
sample Treat- matter N-uptake P-uptake K-uptake 
Crop no.& ment (g) % mg % mg % mg 
2 P-0 1.48 4.61 67.7 .10 1.5 4.93 72.8 
1 1.90 4.58 86.2 .10 1.9 5.05 64.8 
2 2.41 4.09 98.0 .12 2.8 4.50 108.6 
3 3.45 3.92 134.8 .13 4.3 4.09 140.0 
3 0 2.07 5.09 38.0 .12 2.6 4.95 101.8 
1 2.10 4.58 95.7 .12 2.7 4.83 101.2 
2 2.20 4.49 98.8 .13 2.9 4.68 102.8 
3 2.81 4.21 118.3 .16 4.6 4.08 115.0 
16 0 2.23 4.49 99.9 .09 1.9 4.93 110.3 
1 2.37 4.44 105.2 .10 2.4 4.68 111.0 
2 2.90 4.38 123.6 .11 3.2 4.57 13 5.3 
3 3.53 3.86 140.0 .14 5.0 3.93 141.9 
4 0 .75 5.26 39.5 .10 J  3.81 28.6 
1 1.15 5.09 58.6 .09 1.1 4.37 50.2 
2 1.16 4.91 53.4 .11 1.3 4.69 50.5 
3 2.99 4.01 118.7 .12 3.4 4.21 125.0 
18 0 1.20 4.87 58.4 .10 1.2 4.80 58.6 
1 1.72 4.54 79.8 .11 1.8 4.48 77.9 
2 1.70 4.62 78.7 .12 2.0 5.01 85.3 
3 2.71 4.00 108.4 .13 3.6 3.82 103.1 
5 0 .89 5.09 43.9 .10 1.0 3.74 35.2 
1 1.16 4.83 55.8 .11 1.3 4.01 46.5 
2 1.79 4.80 85.4 .12 2.2 4.44 79.2 
3 2.68 4.03 108.2 .14 3.8 3.82 135.5 
19 0 2.36 4.34 100.6 .10 2.3 4.93 114.9 
1 2.09 4.47 93.3 .11 2.4 4.98 104.0 
2 2.67 3.96 105.8 .10 2.7 4.56 121.6 
3 2.97 3.86 114.8 .12 3.6 4.44 131.7 
6 0 2.00 4.71 92.6 .11 1.3 92.6 95.7 
1 2.47 4.53 108.5 .11 2.5 108.5 119.0 
2 2.12 4.67 98.4 .13 2.7 98.4 104.6 
3 2.92 4.25 123.5 .14 4.0 ]23.5 127.5 
7 0 1.84 4.3 8 78.7 .10 1.9 4.44 82.1 
1 1.90 4.50 85.6 .11 2.1 4.71 91.4 
2 2.42 4.50 109.1 .11 2.5 4.68 113.5 
3 2.88 4.00 115.5 .13 3.8 4.10 119.0 
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Table 20. (Continued) 
Soil Dry-
sample Treat­ matter N-uptake P-uptake K-uptake 
no.^ ment (g) % mg % mg % mg 
8 P-0 2.37 4.27 100.9 .12 2.8 4.48 105.5 
1 2.49 4.44 110.4 .12 3.0 4.85 120.9 
2 2.63 4.14 108.3 .12 3.0 4.46 116.7 
3 3.19 3.81 120.1 .12 4.0 4.21 133.5 
9 0 1.41 4.44 63.5 .08 1.2 4.33 59.8 
1 1.16 4.59 52.8 .10 1.1 4.46 51.2 
2 1.73 4.54 78.4 .11 1.9 4.53 78.4 
3 2.08 4.24 88.0 .12 2.5 4.01 81.9 
10 0 1.72 4.34 74.2 .11 1.9 4.71 81.2 
1 2.30 4.23 97.3 .12 2.7 4.81 110.8 
2 2.31 4.22 97.3 .12 2.9 4.66 107.4 
3 3.64 3.76 136.8 .13 4.7, 4.10 148.5 
11 0 1.20 4.75 56.6 .10 1.3 4.38 48.7 
1 1.27 4.41 55.8 .10 1.3 4.47 58.7 
2: 1.49 4.58 68.2 .12 1.8 4.65 68.8 
3 3.29 3.86 125.8 .12 4.0 4.11 13 5.7 
12 0 .33 5.43 17.6 .05 .1 4.63 15.2 
1 .73 4.96 35.8 .09 .7 4.62 33.5 
2 .94 4.73 44.5 .10 .9 4.55 43.0 
3 1.86 3.83 70.2 .11 2.0 4.18 77.0 
17 0 1.01 4.66 47.3 .09 .9 4.73 47.7 
1 1.33 4.52 59.8 .10 1.3 4.85 64.6 
2 1.69 4.32 72.0 .11 1.8 4.83 82.6 
3 2.67 3.81 102.0 .il • 3.0 4.24 113.4 
13 0 ..3 6 6.00 21.5 .06 .2 3.77 13.7 
1 .58 5.10 32.5 .08 .5 4.06 25.6 
2 .95 4.72 44.4 .08 .8 3.81 36.3 
3 1.61 4.42 71.0 .10 1.7 4.41 70.7 
14 0 .49 5.62 27.1 .08 .4 3.3 5 16.2 
1 .86 4.99 42.9 .09 .8 3.68 31.8 
2 1.33 4.79 64.0 .10 1.4 4.04 54.5 
3 2.3 6 4.15 97.3 .11 2.5 3.89 90.5 
,1 P-0 .32 4.93 16.8 .07 .2 3.99 12.6 
1 .95 4.83 44.9 .08 .8 4.03 38.5 
2 1.20 4.76 57.0 .08 .9 4.43 53.4 
3 2.27 3.90 88.5 .08 1.9 3.67 83.3 
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Table 20. (Continued) 
Soil Dry-
sample Treat­ matter N-uptake p-uptake K-uptake 
no. a ment (s) % mg % mg % mg 
15 P-0 .54 5.10 25.2 .06 .3 4.02 20.4 
1 1.06 4.59 48.3 .06 .7 3.95 41.3 
2 1.43 4.49 63.9 .07 1.0 4.3 5 61.8 
3 2.44 3.70 90.4 .08 1.9 3.75 91.3 
20 0 2.32 3.84 89.2 .07 1.7 3.44 87.5 
1 2.25 4.09 . 92.0 .08 1.9 3.93 82,8 
2 2.90 3.59 104.4 .07 2.2 3.48 100,9 
3 2.86 3.85 103.7 .08 2.4 3.46 96.6 
2 0 1.67 4.61 76.0 .07 1.2 4.26 70.3 
1 1.80 4.67 78.1 .08 1.4 4.43 79.6 
2 2.52 4.06 102.2 .08 1.9 3.94 99.2 
3 2.75 3.92 107.9 .09 2.4 3.86 92.3 
3 0 2.10 4.32 92.0 .08 1.6 4.59 96.7 
1 2.01 4.23 85.0 .07 1.4 4.45 90.2 
2 2.14 4.20 88.8 .07 1.6 4.26 90.5 
3 2.22 4.17 86.5 .09 1.6 3.57 81.8 
16 0 1.81 4.40 79.6 .06 1.1 4.44 80.2 
1 2.37 3.81 90.0 .07 1.6 3.3 5 86.7 
2 2.62 3.87 101.5 .07 1.9 3.93 102.8 
3 3.21 3.65 117.1 .09 2.8 3.45 110.6 
4 0 .54 5.02 27.2 .07 .4 3.72 17.2 
1 1.01 4.61 46.9 .06 .7 4.02 40.9 
2 1.07 4.79 51.4 .08 .8 3.89 41.6 
3 2.37 3.90 92.3 .07 1.7 3.65 85.5 
18 0 1.29 4.51 57.5 .07 .9 4.08 52.3 
1 1.48 4.44 65.9 .07 1.1 4.10 61.2 
2 1.72 4.24 73.2 .07 1.2 4.02 69.5 
3 2.93 3,60 105.6 .08 2.3 3.28 96.2 
5 0 1.00 4.12 58.2 .08 .8 3.52 53.1 
1 .65 4.27 27.2 .08 .6 3.39 21.5 
2 1.77 3.97 56.2 .07 1.1 3.73 53.6 
3 2.40 2.99 68.5 .08 2.0 3.44 82.9 
19 0 2.14 3.90 83.9 .07 1.5 4.06 68,1 
1 1.99 4.12 81.6 .07 1.5 4.22 83.2 
2 2.46 4.03 99.2 .07 1.8 4.24 104.9 
3 2.72 3.80 102.5 .08 2.2 3.88 103.7 
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Table 20, (Continued) 
Soil Dry 
sample Treat- matter N«uptake P«uptake Reuptake 
no.& ment (g) % mg % mg % mg 
6 P«0 2.04 4.58 53,4 ,08 1.5 4,31 87.3 
1 2.42 4.16 99.4 ,07 1.8 4,13 81.7 
2 2.53 4.21 105,9 ,07 1.8 4.14 101.3 
3 3.07 3.66 112,2 ,08 2.5 3.59 110.3 
7 0 1.39 3.85 54,3 ,07 .9, 3.91 53.4 
1 1.84 4.41 81.3 .08 1.4 4.25 80.2 
2 2.37 4.04 95.8 .07 1.6 3.89 92.2 
3 2.79 3.62 100.8 .08 2.2 3.47 96.8 
8 0 2.56 4.17 106.9 .08 2.1 4.06 104^3 
1 2.37 4.04 95.7 .08 1.9 3.98 94,2 
2 2.69 4.16 110.7 .08 2.2 3.84 100,9 
3 2.89 3.86 111.6 .09 2.5 2.95 85.2 
9 0 .81 3.94 32.5 .08 .6 4.06 32.7 
1 1.37 4,46 61.1 .08 1.0 4.28 58.7 
2 1.75 4.27 74.8 .08 1,3 4.31 75.6 
3 2.56 3.87 99.0 .08 2,0 3.64 92,3 
10 0 1.64 4.17 70,8 .08 1,3 4.60 52,0 
1 2,09 3.89 81,6 .08 1.6 4.42 93,5 
2 2.14 3.84 883,4 .08 1,7 4.27 95.2 
3 3,25 3.51 114,1 .08 2,7 3.52 107.2 
11 0 1.43 4.02 57,3 .07 1.0 4.01 58.3 
1 1.42 4.28 60.3 .08 1.1 3.94 57.3 
2 2,04 3.55 73,4 .07 1.5 3.94 80.4 
3 2.55 3.64 92,6 .08 2.1 3.49 88.7 
12 0 ,32 4.70 12,7 .03 ,1 4.24 11.5 
1 .46 4.88 21.6 .05 ,2 4.15 19.3 
2 ,77 5.15 38.8 ,06 ,5 3.99 28.3 
3 1,68 4.25 70.8 ,08 1,3 4.60 77.8 
17 0 ,76 4.47 30.6 ,04 ,3 4.23 32.1 
1 1,03 4.54 46.8 ,06 ,6 4.12 42.3 
2 1,56 4.44 78.8 ,07 1.1 4.33 66.9 
3 2,12 3.95 83.6 ,07 1.6 3.79 80.7 
13 0 ,08 4.50 . .35J0 .04 .1 3.50 2.6 
1 .27 4.36 16.3 .06 ,2 3.27 13.0 
2 .60 4,91 . 28,7 ,06 ,4 3.12 19.1 
3 1,44 4,01 57.9 ,07 1,0 3.57 51.6 
14 0 ,19 5.19 12.3 ,08 .2 2.90 6.7 
1 .56 4,93 27,2 .06 .4 3.18 17.9 
2 1,09 4,55 49,9 ,06 .7 3.48 38.1 
3 1,84 4,01 73,3 .07 1,3 3.49 64.0 
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Table 20, (Continued) 
Soil Dry 
sample Treat­ matter N«uptake P<->uptake K-uptake 
no.& ment (g) % mg % mg % mg 
1 P«0 .16 4.58 7.3 .04 .1 3.41 5.5 
1 .48 5.21 21.5 .07 .3 3.92 19.0 
2 .61 3.83 29.8 .06 .4 3.78 23.1 
3 1.39 4.31 60.1 .09 1.2 3.84 53.7 
15 0 .25 5.19 14.1 .06 .2 3.63 10.0 
1 .61 5.3 7 32.3 .07 .4 3.74 23.0 
2 .78 5.25 41.1 .07 .6 3.73 29.2 
3 1.73 4.84 83.4 .09 1.6 3.98 68.9 
20 0 1.55 4.83 74.8 .09 1.4 3.94 61.3 
1 1.55 4.62 72.2 .08 1.3 3.91 61.1 
2 1.89 4.68 88.2 .09 1.6 3.85 73.0 
3 1.99 4.60 90.9 .09 2.0 3.72 73.5 
2 0 1.08 5.18 56.3 .08 .9 3.75 40.8 
1 1.32 5.08 67.2 .09 1.2 4.26 56.8 
2 1.59 4.85 77.5 .09 1.2 4.25 71.3 
3 1.99 4.74 87.8 .10 1.9 3.85 76.8 
3 0 1.45 4.91 71.3 .08 1.2 3.79 55.5 
1 1.18 4.35 52.9 . .09 1.1 3.60 43.2 
2 1.44 4.53 65.0 .08 1.2 3.80 55.2 
3 1.89 4.67 88.2 .09 1.7 3.94 75.0 
16 0 1.10 4.50 49.7 .08 .9 3.91 42.9 
1 1.59 3.84 76.6 .08 1.2 3.49 61.9 
2 1.76 .4.56 80.7 .08 1.4 4.02 71.2 
3 2.09 3.97 84.6 .09 1.9 3.67 77.1 
4 0 .36 4.72 16.1 .09 .4 3.78 16.1 
1 .66 4.49 25.5 .06 ..4 3.88 25.5 
2 .70 5.06 28.0 .06 .4 3.94 28.0 
3 1.54 4.74 64.1 .09 1.3 4.15 64.1 
18 0 .85 4.09 56.3 .08 .6 3.90 32.9 
1 . .95 5.17 46.1 .09 .8 3.67 32.7 
2 .98 5.47 53.2 .09 .9 3.83 37.5 
3 1.99 4.ZZ 83.6 .08 1.7 3.36 73.2 
5 0 .22 4.71 10.4 .08 .2 2.96 6.5 
1 .28 4.46 12.5 .07 .2 3.39 9.5 
2 .85 4.82 41.5 .08 .7 3.53 30.4 
3 1.60 4.39 70.1 .09 1.6 3.80 61.0 
19 0 1.30 4.63 60.2 .08 1.1 3.47 45.2 
1 1.20 4.85 58.0 .08 1.0 3.41 41.1 
2 1.43 4.43 63.6 .08 1.2 3.67 52.8 
3 1.76 4.32 76.1 .08 1.5 3.55 62.3 
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Table 20, (Continued) 
Soil Dry 
sample Treat­ matter N-uptake P-uptake K-uptace 
no,& ment^ (g) % mg % mg % mg 
5 P"0 1.07 4.78 49.2 .08 .8 3.78 39.8 
1 1.78 4.20 72.8 .08 1.4 3.84 67.8 
2 1.95 4.67 91.2 .08 1.6 3.59 69.6 
3 2.22 4.32 95.1 .08 1.8 3.36 74,3 
7 0 1.13 4.93 55.6 .08 .9 3.92 44.6 
1 1.17 4.98 59.9 .08 1.0 4.16 " 49.8 
2 1.45 5.18 75.1 ,08 1.2 4.15 60.7 
3 2.04 4.61 94.4 .09 1.8 3.73 76.7 
8 0 1.83 4.51 82.8 .08 1.5 3.61 66.2 
1 1.84 4.79 82.4 .09 1.6 3.74 55.6 
2 2.2i 4.42 98.6 .09 1.9 3.70 82.1 
3 2.16 4.15 89.6 .09 2.0 3.55 65.3 
9 0 ..44 5.21 22.7 .06 .3 4.07 18.1 
1 .85 5.25 44.7 .08 .7 4.06 35.0 
2 1.12 5.01 56.4 .08 .9 3.73 42.0 
3 1.90 4.50 85.8 .09 1.7 4.15 78.9 
10 0 1.24 4.73 58.5 .09 1.1 3.87 47.8 
1 1.41 4.56 63.9 .09 1.1 4.03 57.1 
2 1.37 4.62 62.7 .08 1.2 3.90 53.2 
3 2.07 4.12 85.4 .09 2.0 3.75 78.0 
11 0 1.34 4.46 61.2 .07 1.0 3.78 56.2 
1 1.03 4.75 49.4 .07 1.0 3.71 38.0 
2 1.28 3.73 60.7 .09 1.1 3.96 51.4 
3 2.15 4.11 88,6 .09 1.9 3.92 85.2 
12 0 .08 4.02 3.5 .02 .1 4.50 3.6 
1 .17 4.76 8.8 .07 .1 3.44 6.2 
2 .27 5.46 16.2 .04 .2 3.33 10.2 
3 1.01 4.88 51.8 .08 .8 2.41 25.8 
17 0 .33 5.17 18.3 .06 .2 3.59 11.7 
1 .46 5.46 25.1 .06 .3 3.33 15.2 
2 .87 ' 5.03 44.0 .07 .6 3.46 30.2 
3 1.34 4.78 61.3 .08 1.0 3.93 53,3 
13 0 .08 5.01 5.0 .04 .1 4.20 3.4 
1 .06 5.00 33,0 .08 .1 3.33 2.0 
2 ..05 5.24 7.9 .06 .1 2.76 4.1 
3 .73 4.31 31.6 .08 .9 2.02 22.1 
14 0 .10 3.84 3.8 .04 .1 2.79 2.8 
1 .25 5.12 12.5 .05 .1 2,85 7.0 
2 .52 5.19 27.1 .08 .4 2.99 15.8 
3 1.10 4.35 46.9 .08 .9 3.67 40.7 
